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Even though research focusing on ZnO goes back many decades, the renewed
interest is fueled and fanned by its prospects in spintronics and optoelectronics
applications. Therefore, a research into these novel application-related unique
properties of ZnO is one of the most important issues in ZnO research community.
Furthermore, an exploration of a simple and efficient ZnO growth technique is
desirable for better materialization of these potential ZnO-based devices. Besides, as
hydrogen (H) is an inevitable element in ZnO, a better control and understanding of H
effect in ZnO is of great technological interest. This thesis focused on hydrothermal
synthesis, ferromagnetic and luminescent properties, and hydrogen effect of ZnO.
Based on the detailed investigation, the contribution of the work is summarized
below:
(1) Low-temperature hydrothermal route was demonstrated to be a simple,
efficient, and environmentally friendly growth method for synthesis of high-quality
ZnO nanostructures/films. A better understanding of ZnO morphology control was
achieved. Most importantly, by using pulsed laser deposition technique derived ZnO
seed layers, it overcame the limitation of typical two-step hydrothermal method on
substrate selection. Highly-textured ZnO films grown on different substrates including
silicon, glass, sapphire and quartz were obtained. Besides, this method was also
demonstrated to be applicable to doping of various elements into ZnO lattice [Na (I
A-group), Mg(II A-group), Al (III A-group) and Cu (transition metal) in this study]
and the resultant materials exhibited excellent performance.
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(2) High temperature ferromagnetism was achieved in undoped, nonmagnetic
transition metal elements (e.g. Cu) doped and nontransition metal elements (e.g. Na)
doped ZnO systems, which were proposed as promising host materials for spintronics
devices. In this study, no intentional introduction of magnetic elements into ZnO
excluded any possibilities of ferromagnetism induced by the precipitates or phase
segregation of magnetic dopants, which favours a better understanding of intrinsic
ferromagnetic property and realization of a genuine diluted magnetic semiconductor.
Most importantly, although the ferromagnetic origin may be different for different
systems and also for different fabrication conditions, it was verified that the observed
ferromagnetism in ZnO-based materials is generally correlated with and can also be
tuned by defects, including native defects (e. g. oxygen vacancy), dopants and
hydrogen. Defect engineering technique for ferromagnetism improvement of certain
ZnO-based material was developed.
(3) Based on the investigation of hydrogen effect on ZnO ferromagnetism, a
2-dimensional ferromagnetism model associated with OH attachment was firstly
proposed. Ferromagnetic ordering of undoped ZnO could be switched between “on”
and “off” states by introducing and removing OH attachment on ZnO surface,
respectively. First-principles calculations confirmed that OH-terminated ZnO surface
has the lowest formation energy of -2.97 eV and a magnetic moment of 0.30 μB per
OH. The origin of FM in hydrogenated undoped ZnO was attributed to the unpaired
magnetic moment of electrons occupying the O 2p orbital at the surface.
(4) Based on the investigation of hydrogen effect on ZnO luminescence, a
Xlarge-scale green emission with high thermal/chemical stability was achieved in ZnO
thin film, accompanied by a random lasing-like activity. Concerning the origin of the
green emission, it was found that the intrinsic native defects themselves (i.e. Oxygen
vacancies) or H incorporation cannot produce the strong green emission with
coexistence of random lasing-like activity. The coexistence of porous morphology and
complex defect(s) induced by hydrogen treatment was suggested to favor the strong
green emission. The stability and easily achieved masking pattern of strong green
emission demonstrates potential applications of resultant ZnO films as components in
novel optoelectronic devices, such as green light emitting diodes.
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annealed in Ar-H2 at 500 oC for 15 min; (i) when annealed in Ar-H2 at 500 oC for 1 h;
(j) the film which was firstly annealed in Ar-H2 at 500 oC for 60 min and then in O2 at
700 oC for 1 h; (k) the film which was firstly annealed in Ar-H2 at 500 oC for 1 h and
then in O2 at 1000 oC for 1 h. The inset in (a) shows the TEM images of as-deposited
ZnO film.
Figure 7.11. (a) Room temperature PL spectra of hydrogenated ZnO film and the
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hydrogenated film which is subsequently immersed in HCl solution (PH = 2.5 and 5)
for 5 seconds; (b), (c) and (d) show the corresponding SEM image of the
hydrogenated film, the hydrogenated film immersed in HCl with PH = 5 and 2.5,
respectively.
Figure 7.12. Room temperature PL spectra of as-deposited ZnO/sapphire film and the
hydrogenated ZnO/sapphire film. The inset shows the SEM image of hydrogenated
ZnO/sapphire film.
Figure 7.13. (a) Room-temperature PL spectra of hydrothermal route prepared ZnO
film and Ar-H2 annealed films. (b) SEM image of hydrothermal route as-prepared
ZnO film and the structural influence of Ar-H2 atmosphere at 500 oC for 1 h is showed
in (c).
Figure 7.14. (a) Room-temperature lasing-like emission spectrum of PLD prepared
ZnO film after H2 surface treatment. (b) The corresponding Fourier transform
spectrum with the estimated cavity diameter of ~ 1.3 µm.
Figure 7.15. A schematic diagram of masking pattern of green emission. Image of
remarkable green “NUS” logo was taken under excitation of 365nm UV light.
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1CHAPTER 1: Introduction
A surge in research into oxide-based functional materials has been observed and
continues to expand due to their unique and novel applications. Among these
functional oxides, zinc oxide (ZnO) has drawn considerable attention because of
richest nanostructures and distinguished performance, which render it suitable for
various applications. Even though research focusing on ZnO goes back many decades,
the renewed interest is fueled and fanned by its prospects in spintronics and
optoelectronics applications owning to reports of room temperature ferromagnetic
behaviour, its direct wide band gap (Eg ~ 3.3 eV at 300 K) and high exciton-binding
energy (60 meV) [1] . Therefore, the investigation on these novel application-related
unique properties of ZnO is one of the most important issues in ZnO research
community. Furthermore, hydrogen (H) tailored ZnO properties recently becomes
another pertinent issue because H could be inevitably incorporated into ZnO lattice
during crystal growth and/or device processing [2].
This Chapter presents an in-depth overview of ZnO-based materials, which
chiefly focuses on ZnO-based diluted magnetic semiconductors (DMSs) and ZnO
luminescence. The rest of the review is devoted to the roles of H in ZnO, followed by
growth methods of ZnO system.
1.1 Overview of ZnO-based Materials
Oxides are the basis of functional materials and smart devices. Functional oxides
have recently attracted extensive attention due to their diverse and varied structures
2with properties covering almost all aspects of material science and physics.
Among these functional oxides, ZnO is particularly outstanding, as seen from a
surge of a relevant number of publications in ZnO research field. This is firstly
because ZnO is a material that has the richest family of nanostructures among all
materials even including carbon nanotubes [3]. A variety of ZnO nanostructures have
been realized, such as nanodots, nanorods, nanowires, nanobelts, nanotubes,
nanosheets, nanocombs, nanocages, nanowalls, nanohelixes, nanorings as well as thin
films [4-11]. This opens up new prospects to study on their size/morphology related
unique optical, magnetic and electrical properties.
Another advantage of ZnO is that it has simple and efficient growth techniques,
resulting in a potentially lower cost for ZnO-based devices. ZnO nanostructures can
be grown either in solution or from gaseous phase. In most of the gaseous phase
methods, some special experimental conditions such as high temperature, electric
field or high pressure are required. To overcome these drawbacks, the solution phase
method such as hydrothermal process has gained immense popularity due to its
simplicity and tolerable growth conditions as well as its green environment protection.
Most importantly, versatile properties in electrical, magnetic and optical aspects
reported render ZnO-based materials promising for a variety of practical applications.
ZnO has been widely used as additives in rubber and concrete industry [12]. In
addition, its sensitivity to various gas species, such as ethanol, carbon monoxide and
acetylene, enables its sensing applications [13]. Worth noting is also its strong
piezoelectric property resulting from non-centrosymmetric wurtzite structure, which
3makes it suitable for mechanical actuators and piezoelectric sensors [4]. Last but not
least, ZnO is bio-safe and thus suitable for biomedical applications such as
UV-blocker in sun lotion [4, 14].
Particularly, the promising applications of ZnO-based materials to spintronics and
optoelectronics devices have put ZnO study into renewed interest. The magnetic and
optical properties of ZnO related with these potential applications are thus fascinating
to be explored. The relevant issues in this research area will be detailedly reviewed in
the rest of this chapter.
1.2 ZnO-based Diluted Magnetic Semiconductors (DMSs)
This section starts with a brief review of development in spintronics and primarily
offers a summary of the knowledge about an upsurge of interest in ZnO-based DMS
materials. In addition, a review of literature pertinent to studies on room temperature
ferromagnetism (RTFM) in ZnO-based DMSs is presented. Furthermore, an in-depth
understanding of FM origin is a critical issue for further design and fabrication of
practical spintronics devices. Therefore, in the latter part of this section, several
models proposed so far regarding the nature of FM ordering in ZnO-based DMSs are
introduced and evaluated.
1.2.1 Review of Ferromagnetism in ZnO-based DMSs
Electrons have two important features: spins and charges. The success of
traditional semiconductor electronics has been established on the charge degree of
freedom of electrons which usually ignored the spins. However, due to the continuous
4shrinking of working dimension of semiconductors in recent years, a spin-dependent
interaction among carriers can no longer be ignored. In addition, the advancement in
semiconductor science and technology enables the control and manipulation of the
spin degree of freedom in semiconductors [15, 16]. The discovery of the giant
magnetoresistance (GMR) by Grünberg and Fert in 1988 [17, 18], which was awarded
the Nobel Prize for Physics in 2007, especially initiated a surge in research into
spin-electronics (spintronics) and guided a first-generation device. A specific feature
of spintronics is the joint action of charge and spin degrees of freedom of electrons.
One can thus expect that spintronics technology may permit fabrication of novel
devices with dual functionalities in the future- processing information and storing data
at the same time. Compared to conventional semiconductor devices, another
advantage of spintronics devices is the lower power consumption and higher data
processing speed. This is because the flip of electron spins responds faster to a
magnetic field with much lower energy consumption than the drift of electron charges
in response to an electric field [16, 19].
A key issue for the realization of functional spintronics devices lies in selecting a
range of suitable and promising materials. There are several major criteria for
spintronics materials selection: (1) long spin lifetime, (2) high spin injection
efficiency, (3) compatible with existing semiconductor materials and (4)
ferromagnetic ordering should be retained at practical temperatures (above room
temperature). Ferromagnetic semiconductor is predicted to be an ideal choice [20].
This is due to its great potential as a source for spin-polarized carriers [21-23] and
5capacity to integrate with existing semiconductor technology. In addition, electrical
spin injection in a ferromagnetic semiconductor heterostructure was confirmed by
Ohno et al [24]. Since the first demonstration of ferromagnetism in Mn-doped GaAs
[25], most of the past attention was paid to the transition metal (TM) elements doped
III-arsenide ferromagnetic semiconductors, which were considered as the prototypical
DMSs for spintronics devices [26-28]. The sufficiently long spin lifetime and
coherence time in GaAs [29] and the ability to achieve spin transfer through a
heterointerface [24, 30] have been demonstrated. However, there is a noticeable gap
that reported Curie temperatures (Tc) for these conventional DMS systems are too low
(so far up to 110 K [31]) to have significant technological impact. Therefore,
searching for a new DMS material with high Tc becomes an urgent issue.
The development of the new ZnO-based DMSs was motivated by the theoretical
prediction by Dietl et al (2000) [20] which claimed that ZnO-based DMSs show
stable FM with high Tc above 300 K. Soon after that, Sato and Katayama-Yoshida et
al [32] employed first-principles calculations to demonstrate that high temperature
FM can be achieved in TM elements (V, Cr, Fe, Co and Ni-) doped ZnO and thus
boosted the attempts to fabricate TM-doped ZnO DMSs. Following the initial
experimental observation of RTFM in Co-doped ZnO by Ueda et al in 2001 [33],
consecutive theoretical and experimental reports have revealed that TM-doped ZnO
exhibited RTFM. So far, considerable amount of TM-doped ZnO systems with RTFM
have been obtained, such as ZnO doped with Sc [34], Mn [35], Ti [34, 36], V [37], Cr
[34, 38], Fe [39], Co [40, 41], Ni [42], Cu [43] and co-doped with CoFe [44] and
6MnCo [45]. These recent investigations have fueled hopes that these materials will
indeed provide a fundamental basis for practical spintronics devices. However, a first
key issue in many of the published reports is that it is difficult to unambiguously
clarify that the FM behaviour is intrinsic rather than extrinsic. There is also a school
of thought which even suggests that the observed FM is not intrinsic to TM-doped
ZnO. It has been reported that precipitates, clustering or secondary phase of doped
TM elements [46, 47], oxygen vacancies [48, 49], Zn interstitials [50] or Zn vacancies
[51] might be responsible for the observed FM. Secondly, although a considerable
amount of experimental data supporting RTFM in TM-doped ZnO has been
accumulated, several groups have reported that TM-doped ZnO materials possess FM
ordering with a much lower Tc, such as 83 K [52] and 110 K [53] for Mn-doped ZnO.
In addition, some even have reported that ZnO films doped with TM elements [39, 54,
55] can only exhibit paramagnetism or superparamagnetism. These controversies
among research groups may lie in the fact that the magnetic behaviour of TM-doped
ZnO could be influenced by many factors including magnetic dopants, microstructure,
preparation parameters, local structure and electronic structure.
Furthermore, in recent years, RTFM has been observed in undoped ZnO [56, 57]
as well as ZnO doped with nonmagnetic/nontransition elements (i.e., ZnO:C, ZnO:Li ,
ZnO:Cu, ZnO:Ga [58-61]). It thus intentionally excluded any possibility of FM
arising from the presence of magnetic precipitates or secondary phases. In light of
these discoveries, it is generally agreed that the exact growth conditions are crucial in
determining the magnetic properties of ZnO-based system. The high sensitivity of FM
7to preparation conditions boosts an emerging consensus that defects in ZnO-based
DMSs may play an important role in inducing or mediating the FM of these materials
[59, 62]. Yi et al [59] theoretically and experimentally demonstrated that the Zn
vacancy in ZnO, which carries magnetic moment, can be controlled to tune the FM of
the material through Li doping. The presence of Li stabilizes Zn vacancy by lowering
its formation energy and also generates holes to mediate magnetic moment of Zn
vacancy. Herng et al [60] reported that preparing Cu-doped ZnO film in an
oxygen-deficiency atmosphere by pulsed laser deposition technique could result in
RTFM, which is attributed to the alignment of magnetic moment of Cu in the vicinity
of the oxygen vacancy mediated by the vacancy orbitals. Therefore, defect
engineering for performance improvement of ZnO-based DMSs becomes an attractive
and challenging issue. Defect ferromagnetism becomes a new research frontier.
So far, a universal mechanism of FM in the ZnO-based DMS has yet to be well
established, impeding the further materialization of novel spintronics devices based
on ZnO system. However, several models that have been proposed may provide at
least some clues for explanation of the FM. Besides extrinsic mechanism of FM
originated from magnetic secondary phases or precipitates, several mechanisms
related with intrinsic magnetic ordering will be introduced in the following section.
1.2.2 The Origin of Ferromagnetism
A. Carrier-mediated exchange model
Carrier-mediated exchange model is one possible mechanism for explaining FM
origin in DMS materials, which refers to interactions between localized magnetic
8moments that mediated by free carriers [63]. This mechanism can be divided to three
cases:
(1) Rudermann-Kittel-Kasuya-Yosida (RKKY) exchange model, which was
proposed by M. A. Ruderman and Charles Kittel [64], refers to a coupling mechanism
of magnetic moments or localized d-shell electron spins via the conduction band
electrons due to the Coulomb exchange. This theory is based on Bloch wavefunctions,
and thus only applicable to crystalline systems. Early attempts to understand the
magnetic behaviour of DMS systems are based this model [65].
(2) Double exchange model, proposed by Sato and Katayama-Yoshida et al [32],
refers to indirect coupling between neighbouring ferromagnetic ions with different
charge state. In the DMS material, if neighboring TM ions have parallel magnetic
moments, the 3d electron in the partially occupied 3d-orbitals of the TM is allowed to
hop to the 3d-orbitals of the neighboring TM. Meanwhile, the kinetic energy of the
system decreases. In other words, parallel alignment of magnetic moments is
favorable to electron movement from one species to another and thus leads to
ferromagnetic alignment of neighboring ions. This model has been successfully used
to explain the ferromagnetism observed in (In,Mn)As [67].
(3) Modified Zener exchange model, proposed by Dietl et al [20], has been
successful in explaining the FM with high Tc in p-type zinc-blende magnetic
semiconductors. This model is based on original Zener model [66] and RKKY
interaction. It proposed that the magnetic coupling is mediated by delocalized or
weakly localized holes arising from shallow acceptors in doped p-type semiconductor.
9Compared to the RKKY model, the mean-field Zener model takes into account the
anisotropy of the carrier-mediated exchange interaction related with the spin-orbit
coupling in the host material, which is important to determine the magnitude of the Tc
and the orientation of easy axis. Based on this model, it was predicted that TM-doped
p-type GaN and ZnO are the most promising ferromagnetic DMSs due to their high Tc
above 300 K. The computed Tc for various p-type semiconductors containing 5% Mn
and 3.5×1020 holes per cm3 is shown in figure 1.1. Tc was determined from
competition between the long-range hole-mediated FM coupling and short-range
Mn-Mn antiferromagnetic exchange coupling and it was found to be proportional to
the density of Mn ions and hole density. As aforementioned, the modified Zener
exchange model can only provide reasonable explanation for RTFM in p-type doped
DMSs [68].
Figure 1.1. Theoretical values of Curie temperature Tc for various p-type
semiconductors containing 5% Mn and 3.5×1020 holes per cm3. The dashed line
indicates room temperature (300 K). (Modified from Ref. [20])
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B. Impurity-band exchange model
The early publications from 2001 to 2004 preferred to explain the origin of FM in
DMS materials by carrier-mediated mechanism. However, debates arised due to the
fact that increase of carriers usually accompanies by the generation of defects [63].
Some studies reported that FM appears in semiconductors with quite low carrier
concentration [69]. The results on the negligible FM detected in conducting or
semiconducting TM-doped ZnO films with perfect crystal structures also suggest the
invalidity of carrier-mediated exchange mechanism [70]. Furthermore, an increasing
number of experimental results showed that structural defects, such as oxygen
vacancy and zinc interstitial, have a significant influence on magnetic properties of
ZnO-based DMSs. In this context, Coey et al [62] proposed an impurity-band
exchange model based on their observation of RTFM in insulating TM-doped ZnO.
Figure 1.2. Illustration of magnetic polarons. The cation sites are represented by
small circles. Oxygen is not shown and unoccupied oxygen sites are represented by
squares. (Modified from Ref. [62])
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This model is based on bound magnetic polaron (BMP) model and Heisenberg
exchange model. It describes the ferromagnetic coupling in n-type oxides as these
materials tend to form shallow donors. When TM ions are incorporated into ZnO at
Zn sites, the doping process and certain growth conditions induce structural defects
throughout the ZnO lattice. As shown in figure 1.2, each oxygen vacancy leads to the
formation of a charge-compensating electron which creates a polaron. The electron is









where εr is the dielectric constant, m is the electron mass, m* is the effective mass of
the donor electrons and a0 is the Bohr radius (0.53 Ǻ). In other words, one
charge-compensating electron trapped in each defect generates a polaron. The general
formula for the TM-doped ZnO is (Zn1-xMx)(O  δ)n, where   represents a donor
defect and δ is donor concentration. The defect percolation threshold δp for long-range
ferromagnetic order can be calculated from the equation γ3δ
p
= 4.3 [62]. Using this
critical δp, the critical concentration of oxygen vacancies n  can be obtained by δp =
n  /nO, where nO is oxygen density in material. The hydrogenic electrons overlap to
form an impurity band as the donor concentration increases. The donors, coupling the
3d TM cations within their orbitals, form BMPs. The interaction between the TM








where S is the spin of 3d TM ion and s is the spin of donor electron. The hydrogenic
orbital tends to overlap with considerable amount of BMPs, leading to FM ordering.
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Coey et al [62] also illustrated a magnetic phase diagram for diluted ferromagnetic
semiconductors, in which polaron percolation threshold δp and the cation percolation
threshold xp are two key parameters. It suggested that FM appears when δ > δp and x <
xp. When x < xp, antiferromagnetic coupling cannot maintain long-range order, as
illustrated in figure 1.2. This model concluded that free carriers are not necessary for
the origin of FM in DMSs, but TM ions and defects with a certain concentration play
an important role. The polaron model is attractive for systems with low carrier density,
where carrier-mediated mechanism becomes shortsighted.
C. Magnetic secondary phases
Secondary phase or magnetic contamination in material may induce the
ferromagnetic signals detectable by certain magnetometers. The formation of
secondary phase while doping mainly depends on the limit of TM solubility in ZnO
matrix or elevated annealing temperature. Some studies have reported the existence of
secondary phase in TM-doped ZnO materials which is responsible for detected
ferromagnetic signals, such as Co, CoO, and Co3O4 in Co-doped ZnO, Mn in
Mn-doped ZnO, Fe3O4 in Fe-doped ZnO and CoFe in Zn1-x(CoFe)xO [63]. As
single-phase DMSs are necessary for use in devices, it is essential to judge whether
the ferromagnetism arises from the substitution of Zn sites by dopants or magnetic
secondary phases (e.g. TM metal or TM-based oxides). Furthermore, recent studies
have focused on nonmagnetic elements doped ZnO, which intentionally exclude the
possibility of FM arising from secondary phases or precipitates. It thus favors the
realization of a genuine DMS and also enables the better understanding of intrinsic
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FM in these materials.
From the above review, it can be seen that making a nonmagnetic ZnO
semiconductor possess room temperature ferromagnetism is an important issue in
spintronics society and various doping into ZnO host material offers an efficient
approach. However, magnetic secondary phases or precipitates produced by doping
elements should be avoided, which is necessary for better understanding of intrinsic
ferromagnetic origin and beneficial for realization of a genuine DMS. Therefore,
doping with nonmagnetic/nontransition elements has drawn considerable attention in
recent research community. Furthermore, although the research work on ZnO-based
DMS materials have abounded, a universal mechanism of ferromagnetism has yet to
be well established, impeding the further materialization of novel spintronics devices
based on ZnO system. Additionally, as there has been an emerging consensus that the
FM is sensitive to preparation conditions and defects in ZnO-based DMSs may play
an important role in inducing or mediating the ferromagnetism, it would be useful if
defects in these materials can be manipulated to improve the properties of DMS.
1.3 Optical Properties of ZnO
ZnO is a potential candidate material for optics and optoelectronics applications,
especially for light emitting devices, due to its advantages of direct wide band gap
(3.37 eV) and large exciton binding energy (60 meV) at room temperature. As a
promising component for photonic devices, it is no wonder that numerous
photoluminescence investigations on optical properties of ZnO have been reported.
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This section starts with a review of photoluminescence properties of ZnO including
both room-temperature and low-temperature studies. Furthermore, in the latter part, it
pays more attention to a detailed review of visible emission from ZnO, which
primarily presents a summary of proposed explanations so far for the different defect
emissions.
1.3.1 Photoluminescence Study of ZnO
Optical property of various forms of ZnO has been extensively investigated by
photoluminescence (PL) spectroscopy. Generally, it is studied either by examining the
room temperature PL spectra for UV/defect emissions or by examining the low
temperature UV spectra for identification of the appearance of bound exciton
emissions etc.
The room temperature PL spectrum of ZnO typically consists of a ultraviolet (UV)
emission and one or more visible emission. The UV emission of ZnO makes it an
excellent UV light emitter, and the defect emission covering the whole visible region
makes it a potential candidate for display applications such as LED. The UV emission
is attributed to the recombination of free excitons. The position variation of UV
emission band has been observed for ZnO-based materials. On one hand, the shift of
UV emission can be induced by doped elements in ZnO lattice. For example, the red
shift in UV, namely, the narrowing in the band gap with increasing Pd doping
concentration was attributed to strong coupling between localized d electrons of Pd2+
and the extended s and p carriers of ZnO [72]. Mg doping can lead to blue shift of UV
due to a broadening effect [73]. On the other hand, the position of UV emission has
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been found to vary for different ZnO nanostructures/morphologies. UV emission
bands located at 387 nm, 397 nm, 377 nm, 372 nm and 382 nm has been reported for
tetrapods, nanorods, shells, thin films and nanowires, respectively [73, 74]. Quantum
confinement effect has been proposed to be responsible for the blue shift of UV with
decreasing size [75]. However, due to the relatively large size of the reported ZnO
nanostructures, a more possible explanation for the UV emission shift might be the
different concentrations of native defects [74]. As the defect density on surface is
higher that in the bulk, the attribution to different defect concentration suggested that
UV shifts can occur in ZnO nanostructures with different size (different
surface-to-volume ratio). Besides, it has been claimed that the position of UV
emission band might be correlated with the sample preparation conditions. Room
temperature PL spectra of ZnO also exhibit different bands in the visible region,
which have been attributed to defect emissions, but the origin of these defect
emissions are still under debate, which will be detailedly discussed in section 1.3.2. In
room temperature PL studies of ZnO materials, several reports show strong UV with
weak defect emission, while in some cases defect emission is dominant. It has been
demonstrated that the ratio of the intensity of UV and defect emission is dependent on
the excitation area and excitation density [76]. Therefore, only when the
measurements are carried out under same excitation conditions, this ratio can be used
for comparing the crystalline quality of different ZnO samples [74]. Additionally, it is
generally agreed that the emission property of ZnO is strongly dependent on the
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fabrication conditions and it also can be changed by post annealing under appropriate
conditions [77].
Low temperature PL measurement (4 - 10 K) and temperature dependent study are
useful tools for examination of the structural and optical properties of ZnO. Excitons
are thought to be bound to neutral or charged donors and acceptors. Generally, bound
exciton emission is dominant at low temperature, whereas at higher temperature free
exciton emission takes over. The presence of free exciton emission at low temperature
is considered as an argument for high quality of ZnO samples [78]. The
recombination of the bound excitons could arouse a series of sharp lines with certain
photon energy at low temperature. These lines in spectra can thus provide information
about the defects/impurities in the sample, but conducting meticulous measurements
and carefully distinguishing the bound exciton peaks are necessary. Many bound
exciton peaks were reported in an energy range from 3.348 eV to 3.374 eV [79].
Reported bound exciton peaks and a summary of the possible identification of the
donors and acceptors are listed in table 1.1. Generally, several bound exciton lines can
be observed, labeled from I0 to I11 [80]. However, the assignment of the lines is rather
difficult and the chemical nature of the donor and acceptor species for the different
lines still remains unclear. While Gutoeski et al [81] attributed I5 to I11 to acceptor
bound excitons, many other published works considered I4 to I9 as neutral donor
bound excitons [80]. I4 line at 3.3628 eV is one of the most commonly observed
bound exciton peak in ZnO, which comes to an agreement that it can be assigned to H
donors [80]. Other assignments of bound exciton peaks remains under debate. Besides,
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it is noted that the intensity of bound exciton peaks varies from sample to sample due
to different donor/acceptor concentration and its capture cross section [79].
Table 1.1. Positions and proposed origin of reported bound exciton lines in ZnO. I0 to
I11 are labeled according to Ref. [80].
Energy /eV Possible Origin Reference
3.3724 (I0) B excitons bound to neutral donor [79, 82]
3.3707, 3.3741, 3.3754, 3.3772 B excitons bound to neutral donor [83]
3.3718 (I1) [80]
3.3674 (I2) Ionized donor bound excitons [80]
3.3665 (I3) Ionized donor bound excitons [80]
3.3628 (I4), 3.3630 H [80, 84]
3.3614 (I5), 3.3604, 3.3600 (I7), Neutral donor bound exictons [80]
3.3608 (I6) Al [80]
3.3598 (I8) Ga [80]
3.3567 (I9), 3.3572 In [80, 85]
3.3562, 3.3566, 3.3580 Neutral acceptor bound exictons [85-88]
3.356 Na acceptors [80, 89]
3.3531 (I10) [80]
3.3530 Li acceptors [80, 89]
3.3484 (I11) [80]
3.3481 Neutral acceptor bound exictons [79, 82]
3.3670, 3.3664, 3.3702, 3.3714 Rotator states [86]
3.3686, 3.3702 Rotator states [79]
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In low temperature PL spectra, another kinds of peaks corresponding to
two-electron satellite (TES) transitions can be observed in a narrow spectral region
from 3.32 eV to 3.34 eV [79]. TES transitions represent a radiative recombination of
neutral donor bound exciton, leaving the donor in an excited state. It is thus able to
estimate the donor binding energy by the energy difference between the TES and its
corresponding ground state neutral donor bound exciton [87, 88]. Besides, donor
acceptor pair (DAP) transitions and longitudinal optical (LO) phonon replicas of the
main transitions can also been found in the low temperature PL spectra (3.218 eV
-3.223 eV) [79]. LO phonon replicas occur with a separation of 71-73 meV (phonon
energy) for ZnO [90]. The intensity of LO phonon replicas, when conducting
temperature dependent measurement, changes with similar trend as the main bound
excitons [79].
The PL spectra of a luminescent material usually exhibit temperature dependence.
Namely, with increasing temperature, the position (energy) of emission shifts, the
emission band broadens and the emission is disappeared at some temperature [91].
Temperature dependence of PL spectra could be helpful for supporting some peak
assignments in the low temperature PL spectra [79, 87, 92].
1.3.2 Review of Defect Emission in ZnO
Defects in ZnO can lead to a number of emission bands covering almost the whole
visible region, favouring the fabrication of white light sources. Various emission
bands reported include 413, 421, 440, 442, 466, 485, 510, 540, 583, 610, 650 nm (see
Ref. [74] and references therein), ranging from blue, green, yellow to orange-red.
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Although the energy levels of several native defects in ZnO has been theoretically
calculated, as shown in table 1.2, the identification of the dominant defects and the
origin of defect emissions is still not fully understood. Furthermore, the dependence
of the spectral position and the intensity of the defect emissions on the fabrication
conditions makes the situation more complicated. In the following subsections, these
different defect emissions and various hypotheses on their physical origin are
detailedly reviewed.
Table 1.2. Calculated energy level of native defects in ZnO. (VZn2-, VZn-, and VZn
represent doubly charged, singly charged, and neutral zinc vacancies, respectively. Zni
and Zni+ represent neutral and singly charged zinc interstitials, respectively. VO and
VO+ denotes neutral and singly charged oxygen vacancies, respectively. Oi is oxygen
interstitial. OZn means antisite oxygen and VOZni represents defect complex of oxygen
vacancy and zinc interstitial.)
Defect
Energy level
from conduction band /eV
Defect
Energy level
from conduction band /eV
VZn2- 0.56 [93] VO 1.62 [93, 95] ; 0.05 [94]
VZn- 2.66 [93] VO+ 2.00 [94]
VZn 3.06 [94, 95] Oi 2.28 [93]; 2.96 [95]
Zni 0.46 [93, 95]; 0.05 [94] OZn 2.38 [93, 95]
Zni+ 0.5 [94] VOZni 2.16 [95]
A. Green emission
The most commonly observed defect emission of ZnO materials in all forms,
including powders, single crystals, thin films and nanostructures, is green emission
[74, 94, 96-99]. Concurrently, the green emission is also the most highly controversial
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one regarding its exact origin.
First, the singly ionized oxygen vacancy (VO+) is a commonly adopted explanation
[96, 100-103], which attribute the green emission to the radiative recombination of the
photo-generated holes with the electrons in VO+ [100]. Meng et al [103]
experimentally supported this assignment by an oxygen annealing test, in which the
green band can be quenched after annealed in oxygen at below 600 oC (compensation
of oxygen vacancies) but enhanced after 850 oC annealing (out-diffusion of O).
However, this hypothesis has been recently queried. Djurisic et al [104] observed
green emission in ZnO tetrapod structures without signal g = 1.96 in electron
paramagnetic resonance (EPR) spectra, which is usually attributed to VO+. On the
other hand, some researchers [98] argued that the commonly observed EPR signal at g
= 1.96 was mistakenly assigned to VO+, but this signal represents neutral shallow
donors. Some reports suggested that only infrequently observed EPR signal in ZnO
with g = 1.9945 and g = 1.9960 is due to VO+ [105].
Next, several studies found that Cu impurities in ZnO could lead to green
emission. Cu-doped ZnO films [106] and nanowires [107] were found to exhibit
blue-green emission. Garce et al [98] suggested donor-acceptor pair recombination
involving the Cu1+ acceptors contributes to the green band. Nevertheless, the Cu
impurities cannot be used to explain all the green light emission. This is because
firstly the ZnO system with intentionally excluded Cu ions can also generate green
emission. Furthermore, the emission which shows strong dependence on the annealing
ambient and temperature is more likely to related with native defects rather than Cu
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impurities [74].
Other reported possible origins of the green emission include antisite oxygen
(OZn), oxygen vacancies and zinc interstitials, donor-acceptor transitions, zinc
vacancies and surface defects, etc. Lin et al [94] calculated the energy level of OZn
and also experimentally confirmed that the green emission corresponds to the electron
transition from the bottom of the conduction band to the OZn level. Liu et al [97]
suggested that the origins of green emission are oxygen vacancies and zinc
interstitials by comparison of photoluminescence properties of ZnO nanorods
annealed in reducing and oxidizing atmosphere. Reynolds et al [99] explained the
ubiquitous green band in ZnO by phonon-assisted transitions between two different
shallow donors and a deep acceptor. Zhao et al [108] studied on the influence of O
and Zn implantations on the green emission and concluded that it is zinc vacancies
rather than OZn that is responsible for this emission. Last but not the least, some
researchers proposed that the defects responsible for green emission is located at the
ZnO surface [104, 109]. However, the hypothesis of surface defects is also
controversial, because the study on size dependence of the green emission showed
that some observed enhancement of green emission with decreased diameter of
nanowires while others obtained contradictory results. Therefore, it can be seen that
the mechanism of the green emission is still a open question and requires further
investigations.
Furthermore, since ZnO has a commonly observed defect emission peak in the
green region, it is considered as one of the potential candidates for display
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applications such as green-light light emitting diodes (LEDs) [110]. Li et al [110]
fabricated ZnO film with intense green emission and demonstrated the potentiality of
applying the film in optoelectronics devices. However, so far, the strong green
emission is generally associated with ZnO nanostructures in forms of nanoshells,
nanotetrapods, nanorods, nanowires, nanoneedles and nanoparticles [74, 97, 104,
111-113] rather than thin films. This situation hampers the realization of their
practical applications in LEDs, as thin films are preferred over nanostructures due to
its high contrast ratio, high ambient visibility, high image resolution and good heat
resistance [110, 114]. Therefore, obtaining strong and stable green emission in ZnO
films is an important topic.
B. Yellow emission
Yellow emission is another commonly observed defect emission in ZnO,
especially for ZnO materials prepared in aqueous solutions. This emission is less
controversial regarding its origin and is usually attributed to oxygen interstitials [77,
115]. This assignment was supported by the reports that yellow emission can be
suppressed or even quenched by annealing in a reducing atmosphere, such as
hydrogen [77]. It was also been demonstrated that the defect associated with yellow
emission is not located at the surface because it is not affected by surface modification
[116]. However, it has been found that Li doping in ZnO can lead to yellow emission
due to a recombination of an electron with the neutral Li acceptor [116, 117]. OH
groups was also reported to be responsible for the yellow emission of ZnO nanorods
prepared via a hydrothermal route [113]. Therefore, although yellow emission is less
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questionable than the green emission, further investigations are still necessary for
understanding its exact origin.
C. Orange-red emission
Orange-red emission band has been also reported for ZnO materials. Alvi et al
reported an orange-red emission of ZnO nanotubes centered around 620 nm, which
can be attributed to oxygen interstitials [118]. ZnO nanorod arrays fabricated via
aqueous-based methods usually exhibit the orange-red emission at around 630 nm due
to the excess oxygen [74, 97]. Orange-red bands (640 nm ~ 650 nm) for nanowires
and nanoneedles were explained by oxygen interstitials [74]. ZnO thin films prepared
by RF magnetron sputtering can also show red emission [119]. It was found that the
orange-red emission could be reduced via reduced gas annealing [120], similar as the
yellow band. Although orange-red band and yellow band are all related with the
oxygen-rich sample, it has been proposed that they just involve the similar final deep
level state (related with excess oxygen) but their initial states are different [121].
Besides, Zn interstitials [122] and surface dislocations [123] were also considered as
the origins of the orange-red emission.
D. Blue emission
Blue emission bands at 410 ~ 445 nm were also reported for various ZnO
materials [74], but the mechanism behind is still under debate. The possible
explanations include zinc vacancy, oxygen vacancy, zinc interstitial [124-126] etc,
which needs further investigation.
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From the above review, it can be seen that ZnO with wide band gap and high
exciton binding energy has drawn considerable attention for optoelectronics
application. The ultraviolet emission of ZnO makes it an excellent UV light emitter,
and the defect emission covering the whole visible region makes it a potential
candidate for display applications such as LED. As ZnO is an economic, non-toxic
and environment-friendly material, the realization of ZnO-based light-emission device
may have a significant impact. Particularly, as ZnO has a commonly observed
emission band in the green region, it is promising in green LEDs. In this context,
obtaining strong and stable green emission becomes an important issue. However, the
fact that the intense green emission is usually associated with nanostructures rather
than thin film impedes its practical application. Besides, the origin of the defect
emissions, especially the green emission, is still under debates and needs further
investigation.
1.4 Hydrogen in ZnO
Hydrogen (H) in semiconductors is an attractive subject in recent research
community because H can be inevitably incorporated into crystal lattice during
material growth or semiconductor processing [127]. There is a general consensus that
H exhibits different behaviours in different host materials. The hydrogen effect issue
holds especially for ZnO in which H is one of the most substantial impurities [128].
Practical device applications require a comprehensive understanding of H behaviour
in ZnO. Moreover, H can be intentionally introduced into ZnO lattice to tailor its
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properties through hydrogen plasma exposure, proton implantation and hydrogen
annealing treatment. The particular roles of H are also closely related to these
different hydrogenation processes. In this section, the possible existing forms of H in
ZnO lattice are presented. Furthermore, the recent research progress on H-tailored
ZnO properties is review in the later part.
1.4.1 Existing Forms of Hydrogen in ZnO Lattice
H can be incorporated into ZnO lattice in various different configurations:
interstitial hydrogen, substitutional hydrogen, hidden H2 molecules, and hydrogen
complexes (H bound to native defects or impurities) etc.
A. Interstitial hydrogen
Interstitial H in ZnO, acting as a shallow donor, occurs only in the positive charge
state (H+) and other charge states (H0 and H-) are not stable [129, 130]. Although the
exact microscopic configuration has yet been determined, it is generally agreed that
H+ tends to form O-H complex [129-132]. In other words, the large strength of O-H
bond favors the lower formation energy of H+ and thus stabilizes certain configuration
[131]. Extensive experimental and theoretical investigations have then attempted to
confirm the presence of H interstitial and figure out its configuration. Infrared (IR)
spectroscopy were widely used for detecting the O-H vibrational modes. Jokela and
McCluskey [132] employed low temperature (10 K) IR absorption attributed a IR
peak at 3326 cm-1 to H in AB⊥ configuration. Lavrov et al [133] associated a IR 3611
cm-1 peak with H in BC∥ configuration and also conducted ab initio calculations to
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confirm the result. It has also been observed that the IR absorption peak arisen from
O-H complexes in ZnO after annealing in a H2 environment [134-137].
B. Substitutional hydrogen
Janotti and Van de Walle [138] employed first principles calculations to study
substitutional hydrogen on oxygen site (HO) and proposed that the complexes
composed of HO and four surrounding Zn atoms could act as shallow donors in ZnO.
The calculated vibrational mode in this case is 760 cm-1, but it has not been
experimentally observed. The substitutional hydrogen can also be considered as an
oxygen vacancy (VO) with a hydrogen atom located closed to the vacancy center, and
the binding energy between them is 3.8 eV [139], suggesting the stability of this
configuration. It was also found that under oxygen-deficiency conditions, the
formation energy of HO is only ~ 0.1 eV higher than that of Hi [138]. However,
another study found that HO is in an ionic state rather than forming multicenter bonds
with Zn [140].
C. Hidden hydrogen molecules
There has been another viewpoint that hydrogen can also exist in form of
interstitial H2 molecules[127, 141, 142]. The O-H stretching line at IR 3326 cm-1 peak
was found to be unstable, which gradually decays after several weeks at room
temperature [132]. Shi et al [141] found that this peak can appear when annealed the
as-prepared sample at 400 oC in an atmosphere without H source. This result
suggested that this hidden hydrogen exists in ZnO lattice in the form of H2 molecule,
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which is formed by combination of H donors and dissociated at elevated temperature.
H2 has no dipole moment, so that it is invisible to IR spectroscopy [142]. The presence
of H2 was confirmed by low temperature Raman spectroscopy [127].
D. Hydrogen complexes
H can form complexes with intrinsic defects or impurities in ZnO. H bound with
Zn vacancy (VZn) [143, 144], group V-acceptors [145, 146], group I metal atoms [147]
and transition metals (TM) [148, 149] have been studied. For example, a green
luminescence of ZnO related with VZn was found to be suppressed after H plasma
exposure, which was attributed to passivation of VZn by H and formation of VZnH2
[139, 143]. According to theoretical calculations, N-H bond is more stable than O-H
bond for Hi [144]. N-H complexes with bond stretching mode of 3151 cm-1 in ZnO
was reported in ZnO in a NH3 atmosphere [145]. Stable Li-H complexes was observed
in hydrothermal synthesized ZnO, which exhibited an O-H mode at 3577 cm-1 [147].
Cu-H complexes was found to lead to an O-H stretching mode at 3192 cm-1 [148].
Many H related complexes have also been studied, but further experimental and
theoretical investigations are still required for explanation and confirmation of these
complexes.
1.4.2 Role of Hydrogen in ZnO Properties
A. Electrical properties
Interest in hydrogen acting as a source of conductivity in ZnO began in the 1950s,
since Mollwo [150] and Thomos and Lander [151] found that annealing ZnO in a
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hydrogen atmosphere at elevated temperature could lead to n-type conductivity.
Decrease of resistivity of ZnO with increasing hydrogen partial pressure [152] or after
H+ implantation [153] were then reported. In 2000, the first-principles calculations
conducted by Van de Walle [131] theoretically indicated the role of H in ZnO as a
shallow donor. Since then, extensive experiments have confirmed this prediction and
hydrogen has been conclusively considered as one of the causes of the unintentional
n-type conductivity of ZnO. Furthermore, hydrogen has been intentionally introduced
into ZnO as an effective doping elements for improvement of its electrical
conductivity. One can observe that the hydrogenated ZnO film can obtain the
resistivity on the order of 10-2 ~ 10-3 Ω cm or even 10-4 Ω cm, and thus it is promising
for applications such as transparent conductors etc [154-157].
B. Magnetic properties
As an important unintentional and stable impurities in ZnO, hydrogen has been
found to be beneficial to magnetic properties of ZnO-based DMSs as well. Several
possible mechanisms for hydrogen induced/enhanced ferromagnetism in transition
metal (TM) doped ZnO have been proposed. Park and Chadi [158] have employed
first-principles pseudopotential calculations to predict that H can mediate a strong
short-range ferromagnetic spin-spin interaction between neighbouring transition metal
(TM) impurities through the formation of a bridge bond. Lee et al [159] have
experimentally shown that the robust ferromagnetism of ZnCoO after hydrogenated in
Ar/H2 mixed gas is due to the enhancement of ferromagnetic spin-spin interaction in
the H-Co coupling. In addition, it is well documented that when the introduction of H
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into ZnO from a H2 ambient is carried out at elevated temperature, stable carrier are
generated [134]. Park et al [160] have found that the H-induced carriers play
important roles in the magnetic properties of hydrogenated ZnMnO films. Zhang et al
[161] have hydrothermally prepared epitaxial ZnCoO films with room-temperature
ferromagnetism which is attributed to hydrogen unintentionally incorporated in the
aqueous route by enhancing carrier concentration as a shallow donor. Besides, the
presence of Co metal clusters after reduction process induced by hydrogenation was
also attributed to the origin of room temperature ferromagnetism in ZnCoO [162] and
ZnCoLiO [163] system. Furthermore, it was reported that the H doping in ZnO could
decrease the formation energy of Zn vacancy and the defect complex of Zn and Hi
was attributed to the origin of FM in undoped ZnO semiconductor [164]. Tong et al
[165] attributed the FM in hydrogenated ZnCrO to HO generated via a hydrogen
annealing. In view of the above review, one can expect that hydrogen doping could
provide an efficient way for improvement of magnetic performance of ZnO-based
materials and the mechanism needs to be fully understood.
C. Optical properties
Understanding the effect of hydrogen on optical properties of ZnO is another
important issue. On one hand, hydrogen passivation effect of deep defect centers
giving visible emissions has been demonstrated by a number of experimental
observations. Sekiguchi et al [143] observed decrease of green luminescence intensity
in ZnO after exposure to a hydrogen plasma, and attributed it to passivation of Zn
vacancies (which might be responsible for the green emission) by hydrogen. The
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H-related I4 peak (~3.3628 eV) in low temperature PL spectrum can be observed in
ZnO materials [80]. Oxygen vacancies was found to be passivated by hydrogen,
leading to a suppression of yellow emission[166]. Orange-red [77] and yellow
emissions [120] of ZnO were found be significantly suppressed by annealing in a
hydrogen atmosphere due to the removal of oxygen interstitial. Hydrogen plasma was
reported to be able to enhance UV-to-defect emission ratio for ZnO nanorods [167,
168]. The passivation of the deep defect levels is necessary for obtaining high UV
emission efficiency of ZnO [169, 170]. On the other hand, annealing ZnO in reductive
hydrogen atmosphere could lead to formation of structural defects such as oxygen
vacancies or H-related complexes [168], which is possible for inducing defect
emissions as well. Vanheusden et al [100] reported an increase of green emission
centered around 510 nm after annealing ZnO powders in N2-H2 mixed gas at elevated
temperature, and attributed the enhancement to ionized oxygen vacancies related
defects. With regard to optical transmittance of ZnO, some found that preparation in
hydrogen atmosphere or appropriate hydrogen post annealing of ZnO could result in
increased transmittance of in visible region [154], while other studies showed that
hydrogen annealing leads to obvious decreased transmittance [157]. It is also noted
that the optical properties of ZnO involving hydrogen are dependent on sample
fabrication conditions as well as hydrogen incorporation methods. The unclear
mechanism for various defect emission makes the investigation on this issue more
complicated. Thus, it needs further investigation.
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From the above review, it can be seen that hydrogen effect is of great
technological interest in ZnO research community as hydrogen is an inevitable
impurities in ZnO semiconductors. Furthermore, intentionally introducing hydrogen
into ZnO has been extensively studied in order to tailoring properties of ZnO. While
there is a general consensus that hydrogen is an effective doping elements as shallow
donors for electrical conductivity of ZnO, it is desirable to pay more attention to how
hydrogen could affect optical and magnetic properties of ZnO.
1.5 ZnO Growth Techniques
High-quality ZnO-based materials are necessary to utilize their novel properties
and potential applications, and therefore it is significant to research into the synthesis
techniques of ZnO films and nano/microstructures. This section starts with a
introduction of ZnO crystal structures and growth structures, followed by an overview
of various synthesis methods for ZnO. As the hydrothermal process of growing ZnO
films/nanostructures has recently gained immense popularity, a description and review
of hydrothermal method are presented in the latter part of this section.
1.5.1 ZnO Crystal Structures and Growth Structures
The ZnO crystal exhibits a hexagonal wurtzite structure (space group P63mc) with
lattice parameters of a = 0.3296 and c = 0.52065 nm [171]. The zinc and oxide centers
are tetrahedrally coordinated and the alternating planes of Zn2+ and O2- are stacked
along the c axis, as shown in figure 1.3. One characteristic of ZnO crystal is its has no
inversion symmetry and shows polar surfaces. Basal planes with oppositely charged
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ions results in positive charged Zn-(0001) and negatively charged O-(000
_
1) surfaces
and thus leads to a normal dipole moment and spontaneous polarization along the c
axis. Normally, to maintain the electrical neutrality and the stability of the structure,
this kind of polar surface tends to reconstruct at atomic level and exhibits facets.
However, ZnO ±(0001) surfaces are exceptions - they are stable and atomically flat
without surface reconstruction [172]. This anomaly of ZnO is still not fully






10} with lower energy than
{0001} are another two commonly observed planes [171].
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1> [173]. ZnO can be grown by controlling the growth
rates along these directions and the relative surface activities of certain growth
surface under certain conditions could determine the morphology of ZnO structures
[174]. Under equilibrium or near-equilibrium conditions, the facet with higher surface
energy tends to grow with smaller area, while facets with lower energy can grow
larger. Therefore, ZnO system tends to maximize the area of lower-energy surfaces,






10}. However, under specific growth conditions, a
diverse group of ZnO nanostructures can be obtained.
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Figure 1.3. Typical wurtzite structure of ZnO lattice. The blue and purple spheres
denote Zn and O atoms, respectively.
1.5.2 Overview of Synthesis Methods
It is well known that ZnO has a major advantage that it possesses various and
simple crystal growth technology, resulting in a potentially lower cost of ZnO-based
devices. Up to date, the synthesis of ZnO has been mainly carried out by various
methods, which can be classified to the following two groups:
(a) Vapor phase methods: This kind of synthesis methods is based on gaseous
environment in closed chambers [171] and usually requires high temperature 300 oC
to 1500 oC for achieving better crystallinity of ZnO products. Some of the vapor
phase methods that commonly used for ZnO synthesis include:
(1) Pulsed laser deposition (PLD) [175, 176]; It is a physical vapor deposition
technique for ZnO thin film fabrication, especially for the study of thin
films with the careful doping because of the atomic composition control
feasibility. Higher temperature ( > 300 oC) are required for ZnO films with
good crystal quality.
(2) Thermal evaporation [177, 178]; It is a commonly used method for ZnO
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various nanostrctures fabrication and can be categorized in to catalyst
assisted vapor liquid solid (VLS) growth and catalyst free vapor solid (VS)
growth. This technique requires high temperatures ( > 500 oC) to produce
Zn vapor from ZnO solid source and the ratio of Zn to O in reaction system
should be accurately controlled to obtain the desired ZnO nanostructures.
(3) Metal-organic chemical vapor deposition (MOCVD) [179, 180]; This
method employs the metal-organic source to generate Zn vapor so that the
vaporization temperature is lower than that of the thermal evaporation
method. This reaction typically takes place at temperatures ranging from
150 to 500 oC .
(4) Molecular beam epitaxy (MBE) [181, 182]; It is a method for high-quality
ZnO thin film deposition. The growth rate by this method is slow to allow
epitaxial growth of the film. A trypical growth temperature of 300 ~ 500 oC
is required.
(5) Radio frequency magnetron sputtering [183, 184]; In this method, ZnO film
is deposited from Zn metallic targets by reactive sputtering in rare/reactive
gas mixtures. Magnetron sputtering could result in good thickness uniform,
so that especially suitable for large-scale film deposition.
In the vapor phase methods mentioned above, it is noted that the deposition
temperatures higher than 300 oC are generally necessary for ZnO materials. Therefore,
they might have disadvantages in mass production due to their expensive equipments
and the special experimental conditions.
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(b) Solution phase process: This kind of synthesis methods is carried out in
aqueous solutions and thus referred to as hydrothermal process. Compared with those
vapor phase methods which usually require expensive equipments and extreme
experimental conditions such as high temperature, high vacuum, electric field or high
pressure, the hydrothermal synthesis is an especially attractive approach for industrial
use due to its great advantages in both cost and green environment protection. The
hydrothermal method has recently drawn considerable attention due to the ease and
flexibility in producing various nanomaterials at low temperature. The typical
hydrothermal process for ZnO synthesis is detailedly introduced and reviewed in the
following section.
1.5.3 Review of Hydrothermal Synthesis of ZnO
In this section, the development of the hydrothermal process, the feasibility and
popularity of low temperature hydrothermal method for ZnO nanostructures synthesis,
film epitaxial growth and doping process are presented.
A. From high temperature to low temperature hydrothermal process
Defined by Byrappa and Yoshimura [185], the term “hydrothermal” represents
such a simple process in which certain aqueous precursor solutions are added into an
autoclave, and then this system starts to react with elevated temperature and pressure
for certain reaction time ranging from a few hours to a couple of days. According to
the classical growth theory, the thermodynamic driving force for hydrothermal growth
from a solution is the occurrence and presence of supersaturation which could initiate
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spontaneous crystallization and further growth of the nuclei [186].
For more than five decades, high temperature ( > 300 oC) hydrothermal growth
has been demonstrated to be suitable for producing large-sized ZnO single crystals
with high quality [187-189]. Laudise et al [187] fabricated ZnO single crystal with the
weight of several gram in 1960 and found the crystal has (0001) preferred growth
direction. Later in 1973, Croxall et al [188] obtained large hexagonal ZnO single
crystal (15 mm in diameter and 8 mm in thickness) with high purity and perfection.
Furthermore, in 2001, Sekiguchi et al [189] synthesized ZnO single crystals with no
dislocation. Up to now, the largest ZnO single crystals (50mm in diameter an 15mm
in thickness) was prepared by Ohshima et al [190] in 2004.
From early 21st century, the focus on the low temperature and pressure regime of
materials fabrication has become an important issue concerning lower cost,
environmental protection and energy conservation. As a result, a low temperature
hydrothermal method has been extensively explored for synthesis of ZnO materials.
This method employs zinc salts such as ZnCl2, Zn(NO3)2 and Zn(CH3COO)2 aqueous
solutions as precursors and the reaction temperature is at below 100 oC [191, 192]. It
is thought as a green processing or green chemistry due to its mild reaction condition.
Furthermore, as there is a general agreement that crystals grown at near-equilibrium
conditions could exhibit better crystalline quality [193], lower temperature
hydrothermal method could provide an excellent possibility for synthesis of
high-quality ZnO materials.
The hydrothermally grown ZnO nanostructures generally exhibit the hexagonal
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wurtzite structure. Generally, the highest growth rate is along the c-axis due to the
large energy and high growth rate of polar surface (0001), forming nanorods or
nanoneedles. However, by controlling certain growth conditions, various ZnO
nano/microstructures can be obtained, including nanorods, nanowires, nanoparticles,
nanosheets, nanoflowers, nanocabbages etc.
B. Typical two-step hydrothermal process for epitaxial ZnO films
While in previous studies most of ZnO synthesized via hydrothermal route are
dispersed in aqueous solution and the products are thus in powder form, Lange et al
[194-196] have recently demonstrated the ability of this low temperature
hydrothermal method for epitaxial growth of ZnO thin films. It was found that c-axis
oriented ZnO epitaxial thin films on spinel (111) and GaN/sapphire (0001) substrates
could be obtained by a two-step hydrothermal method at a low temperature of 90 oC.
In addition, Lange and coworkers [186] investigated the growth mechanism of the
two-step hydrothermal route by calculating the solubility and speciation of ZnO in
solutions as a function of PH value, ammonia concentration and temperature, and
further established a novel continuous circulation reactor for epitaxial ZnO film
synthesis.
The typical two-step process is shown in table 1.3. In the first step, the substrate is
introduced into a preheated precursor solution (90 ° C) composed of zinc nitrate
hexahydrate and ammonium nitrate dissolved in deionized (DI) water, and then
certain amount of dilute ammonium hydroxide is added to adjust PH to 7.5 to initiate
the precipitation of ZnO. In this process, the significant decrease of ZnO solubility
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with increasing PH causes a competition between the nucleation on substrates and
numerous precipitates, which subsequently results in a formation of a ca.100 nm thick
ZnO seed layer on the substrate. In the second step, the substrate with seed layer is
placed into a room temperature precursor solution (PH = 10.9) with an addition of
sodium citrate and then heated to 90 °C for 24 h to actualize the substantial epitaxial
growth of the film. In this process, the continuous thickening of the ZnO films is
attributed to the decrease in solubility of ZnO with gradually increasing temperature.
Table 1.3. Typical two-step hydrothermal route according to Ref. [194].

















Additionally, it has been reported that the sodium citrate addition in the second
step is used to maintain the flat surface by controlling the out-of-plane growth [196].
In the precursor solution with a PH of 7.5 less than isoelectric point (IEP) of ZnO (~
9.5), positively charged complexes dominate. In contrast, with higher PH value, the
dominant species change to negative ones. As the polar surface (0001) of ZnO is
referred to as c+ or Zn terminated, the negatively charged species in solution tend to
be absorbed on this surface which leads to fast growth along c-axis direction and thus
results in ZnO rods with sharp tips. When add sodium citrate into the solution, the
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negative citrate ions are attracted to (0001) surface to hinder growth and result in
smooth surface. Besides, periodic epitaxial ZnO posts arrays can be obtained on a
photoresist templated seed layer by this hydrothermal method.
A variety of oxides have been reported that they could be hydrothermally grown
on structurally similar substrates due to the small lattice mismatch. Similarly, for the
two-step hydrothermal epitaxy of ZnO, the commonly used substrates are spinel
MgAl2O4 (111), sapphire (0001) ScAlMgO4 (0001) and GaN buffered sapphire (0001).
However, ZnO films/nanostructures grown on other substrates which exhibit no
epitaxial relationship with ZnO, such as Si, glass, quartz and ITO, are also necessary
for practical functional applications [197].
C. Doping of ZnO through hydrothermal route
Doping of ZnO material is an important technique for tailoring its structural,
electrical, optical and magnetic properties. Low temperature hydrothermal synthesis
exhibits great potential in actualizing the doping process by adding salts of doping
elements with desired concentration in the precursor solution. Transition metal
elements doped ZnO materials - the potential candidates for DMSs have been
synthesized via the hydrothermal route. Yang et al [198] synthesized Co-doped ZnO
nanorods with room temperature ferromagnetism from a precursor of zinc nitrate,
KOH and cobalt nitrate dissolved in DI water at 175 oC. Two-step hydrothermal
method was employed by Zhang et al [199] to synthesize epitaxial single crystalline
Co-doped ZnO films with room-temperature ferromagnetism on MgAl2O4 (111)
substrates. Mn-, Cr-, Ni-, Fe-, Cu-doped ZnO [200-203] grown by hydrothermal
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method were reported. Rare-earth elements have also been introduced into ZnO from
aqueous solution. Gao et al [204] reported the preparation of Eu-doped ZnO urchins
which emit white light via a biopolymer-assisted hydrothermal route. Jung et al [205]
doped ZnO nanorods with Ce and the Ce3+ was found to act as an efficient
luminescence center at 540 nm. Also, elements in group I, II, III, IV, and V have been
reported to be incorporated into ZnO, such as Al doping for tuning optical and
electrical properties [206], Mg doping for band gap engineering [197], Li and Na
doping for p-type ZnO [207], In doping for tuning electrical properties [208], etc.
Therefore, hydrothermal route is an effective approach for doping process of ZnO.
From the above review, it can be seen that among diverse approaches for ZnO
synthesis, low temperature hydrothermal method is particularly appealing due to its
advantages of mild reaction condition, low cost and green environmental protection. A
two-step hydrothermal method was recently demonstrated to be feasible for epitaxial
growth of ZnO films, but with a major limitation on substrate selection. Moreover,
since the hydrothermal method is such a simple and efficient preparation method for
high-quality ZnO films/nanostructures, it is worthy of studing its ability upon doping
process for better materialization of potential ZnO-based devices.
1.6 Motivations and Objectives
As aforementioned, the promising application of ZnO-based materials on
optoelectronics and spintronics devices has particularly put ZnO study into renewed
interest. The hot issues and challenges in this research community include that,
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(1) The diverse preparation techniques enable various promising applications of
ZnO, and low temperature hydrothermal method has particularly gained
immense popularity due to its simplicity and tolerable growth conditions as
well as its green environment protection. It is thus desirable to study in depth
on this simple and efficient ZnO growth technique for better materialization of
these potential ZnO-based devices. Although the typical two-step
hydrothermal method was demonstrated to be feasible for epitaxial growth of
ZnO films, it has a major limitation on substrate selection which thus still
needs further improvement. Furthermore, up to date, few studies on
hydrothermally growth of doped ZnO films with excellent performance have
been reported.
(2) Most importantly, the investigations on these novel application-related unique
properties in ZnO-based materials, such as room temperature ferromagnetism
(RTFM) and defect emission, are crucial and pressing.
First, since the first prediction of ZnO as a potential candidate for a diluted
magnetic semiconductor in 2000, experimental and theoretical work have been
extensively conducted on doped ZnO to investigate its magnetic properties.
Achieving possible RTFM in ZnO system is an important issue for spintronics
society and various doping into ZnO host material offers an efficient approach.
As the existing theories cannot satisfactorily explain the observed FM in ZnO,
the mechanism behind is still under debate. A first key issue is that it is
difficult to unambiguously clarify that the FM behaviour is intrinsic rather
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than extrinsic. Namely, the origin of the FM is plagued by magnetic secondary
phases or precipitates of doped elements, which impedes further realization of
a genuine DMS. Besides, as there has been an emerging consensus that the
FM is sensitive to preparation conditions and defects may play an important
role in inducing or mediating the FM of ZnO-based DMS, it would be useful if
defects in these materials can be manipulated to improve the properties of
DMS.
Second, wide band gap ZnO semiconductor has drawn considerable
attention for optoelectronics applications. Its luminescence properties related
with defect emissions, covering the whole visible region (420 ~ 700 nm),
make ZnO-based material a potential candidate for white light source and
display applications such as LEDs. As ZnO is an economic, non-toxic and
environment-friendly material, the realization of ZnO-based light-emission
device may have a significant impact. Particularly, as ZnO has a most
commonly observed emission band in the green region, it is promising in
application of green LEDs. In this context, achieving strong and stable green
emission in ZnO becomes an important issue. Thin films are preferred over
nanostructures in LED application due to its high contrast ratio, high ambient
visibility, high image resolution and good heat resistance. However, to our
knowledge, most of the reported strong green emission is associated with ZnO
nanostructures rather than thin film, which hampers its practical application.
Furthermore, green emission is the most highly controversial defect emission
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regarding its exact origin, which needs further detailed investigations.
(3) As H is an inevitable element in ZnO semiconductors, a better control and
understanding of H effect in ZnO is of great technological interest. Moreover,
it is worthwhile to investigate H tailored ZnO properties by intentionally
introducing hydrogen into ZnO lattice. In particular, while there is a general
consensus that hydrogen is an effective doping elements as shallow donors for
electrical conductivity of ZnO, it is desirable to pay more attention to how
hydrogen could affect optical and magnetic properties of ZnO. The mechanism
behind also needs further in-depth investigation.
In this context, the overall purpose of this project was to investigate the novel
application-related unique properties of ZnO and understand the possible mechanisms
behind. The specific objectives were:
(1) A systematic study on synthesis of ZnO-based materials via a low temperature
hydrothermal route. Undoped ZnO nanostructures and thin films are
investigated as the starting work. Specifically, the microstructure and
fundamental properties of undoped ZnO prepared by hydrothermal process are
explored by systematically varying preparation conditions, such as additives,
PH value of precursor solution, reaction temperature, holding time and so on.
Most importantly, in order to overcome the limitation of typical two-step
hydrothermal method on substrate selection, PLD or sputter-derived ZnO
films are intended to be employed as seed layers for further hydrothermal
process. Furthermore, the basic research of undoped ZnO aims to achieve a
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better understanding of the optimum growth conditions, which enable the
further preparation of high-quality doped ZnO films with excellent
performance.
(2) Fabrication of different elements doped ZnO films with high temperature FM:
To induce RTFM in ZnO through certain doping process and find the possible
origin of the FM. It should be noted that the focus here is on non-magnetic
elements doped ZnO. This is because no intentional introduction of magnetic
elements into ZnO helps exclude any possibilities of FM induced by the
precipitates or phase segregation of magnetic dopants, which favours a better
understanding of intrinsic FM property and realization of a genuine DMS. In
this project, several representative elements are selected, including Na (I
A-group element) which has potential for providing p-type carriers for ZnO,
Mg (II A-group element) which might act as a simple substitution, Al (III
A-group element) which could introduce electron carriers into ZnO and Cu
(transition element) which shows multivalent state. Furthermore, it is also
necessary to develop possible defect engineering technique for specific
ZnO-based DMS system which has already possessed certain proposed
mechanism of defect ferromagnetism.
(3) An investigation on ZnO thin films with strong and stable green emission: To
achieve strong green emission in ZnO thin films rather than the most
commonly observed nanostructures; To investigate the possible origin of the
green emission which is a controversial issue so far. The resultant ZnO films
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may be promising for the future development of different devices, such as
green LEDs.
(4) An exploratory study on H tailored ZnO properties. This study focuses on H
tailored magnetic properties of ZnO. In order to exclude the influence of
dopants on the hydrogen effect, the project starts with a study based on
undoped ZnO and intends to experimentally and theoretically propose a
possible model for the FM origin. It is noted that among the three commonly
used methods for introducing hydrogen into ZnO (hydrogen plasma exposure,
proton implantation and hydrogen annealing treatment), the hydrogen
annealing was selected in this project due to its simplicity and lower cost.
Furthermore, the influence of hydrogen on ZnO luminescence is also
investigated. As the role of H in electrical property of ZnO has been well
identified in extensive previous reports, it is only discussed briefly in this
study.
The next chapter will introduce the detailed characterization techniques employed
in this study. A comprehensive investigation of hydrothermal growth of ZnO will be
presented in Chapter 3. ZnO films doped with Na, Mg and Al (Chapter 4) and Cu
(Chapter 5) via the hydrothermal method will be discussed in detail and ferromagnetic
properties are the main focus. Chapters 6 and 7 will then be devoted, respectively, to
the effect of H on ZnO ferromagnetism and luminescence. Finally, conclusions and
future plans will be presented in Chapter 8.
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CHAPTER 2: Characterization Techniques
In this project, material properties were characterized using a series of
characterization techniques. The characterization instruments are listed in table 2.1.
X-ray diffraction (XRD) was used for the study of crystallographic structure. Scaning
electron microscopy (SEM) and transmission electron microscopy (TEM) were
employed for the analysis of microstructure. Energy-dispersive X-ray spectrometer
(EDS) was used for the elements analysis and atomic force microscopy (AFM) for the
study of surface topography. Magnetic behaviour was measured by vibrating sample
magnetometer (VSM) and superconducting quantum interference device (SQUID).
Optical properties were investigated by UV-visible-IR spectroscopy and
photoluminescence (PL). The fundamental principles and details are described in this
chapter.
Table 2.1. Instruments for characterization.




Scanning electron microscopy (SEM)
Zeiss Supra 40
Philips XL30-FEG SEM
Energy-dispersive X-ray spectrometer (EDS)
Cambridge
(Philips XL30-FEG SEM system)
Transmission electron microscopy (TEM) JEOL 3010
Atomic force microscope (AFM) DI III
X-ray photoelectron spectroscopy (XPS) ESCALAB 220i-XL
Raman spectroscopy Labram HR800, Jobin Yvon Horiba
Vibrating sample magnetometer (VSM) Lakeshore, Model 7404
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Superconducting quantum interface devices
(SQUID)
Quantum Design, MPMS XL-5
UV-visible-IR spectroscopy Varian Cary 5000
Photoluminescence (PL) J-Y Horiba, Labram HR800
2.1 Structural Characterization
2.1.1 X-ray Diffraction (XRD)
X-ray diffraction (XRD) is one of major techniques for the investigation of
crystallographic structure. XRD as a non-destructive analytical technique is
commonly used to (1) identify crystalline phase, (2) calculate lattice constants and
grain size, (3) determine structural properties such as strain effect and (4) check the
preferred orientation, etc.
This technique is based on elastic scattering of X-rays and a crystalline sample.
When an X-ray beam hits an atom, the electrons orbiting around the atom absorb the
energy and oscillate about their mean position with the same frequency as the
incoming beam [1]. The movement of these electrons re-radiates X-rays with the
identical frequency; this process is known as elastic scattering. If the atoms are in a
crystalline structure arranged in an organized order, the scattered X-rays can interact
constructively with one another in a few directions, producing a diffraction pattern on
a detector or film.
English physicists William Lawrence Bragg and William Henry Bragg proposed
Bragg diffraction in 1913 to explain why the cleavage faces of crystals appear to
reflect X-ray beams at certain specific wavelengths and incident angles. It is known
as Bragg's law - the fundamental principle of XRD. As illustrated in figure 2.1, Bragg
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modeled the crystal as a set of discrete parallel planes separated by a constant
distance. The interference is constructive when the phase shift is a multiple of 2π.
Therefore, diffraction occurs only when Bragg's Law [1] is satisfied:
2d sinθ = nλ Eq 2.1
where n is an integer corresponding to the order of diffraction, λ is the wavelength of
incident X-ray, d is the inter-planar spacing of reflecting planes and θ is the angle of
the incidence relative to the reflecting planes.
Figure 2.1. Schematic illustration of Bragg's law.
For a polycrystalline powder material with individual crystal less than 100 nm in






where L is diameter of crystallites (Å). κ is particle shape factor (0.9 for spherical
particles) and B is full width at half maximum (radians). To exclude the influence of











where BM is the measured breadth at half maximum and BS is the peak width of the
standard material (Si).
In this project, a Bruker D8 ADVANCE XRD system with monochromatic and Cu
Kα radiation (λ = 1.54056 Å) was employed for phase characterization. The standard
θ-2θ scan was used to collect the crystallographic information, in which the sample is
rotated by the angle of θ whilst and detector is rotated by 2θ. The material phase was
identified using standard database of Joint Committee on Powdered Diffraction
Standard (JCPDS). In addition, the full width at the half maximum (FWHM) of
rocking curve was used to determine the quality of film texture parallel to the surface
plane. Rocking curve measurements were conducted by doing a θ scan at a fixed 2θ
angle. Glancing angle scan (GAXRD) is useful to thin film due to the avoidance of
signal from substrate. GAXRD is commonly performed by fixing the incident angle at
a very small value with respect to the sample surface so that only few tens of
nanometer beneath the film surface can be detected. It is noted that the planes
detected by GAXRD are the ones unparallel to the film surface. Besides, φ-scan
conducted by Bruker D8 Discover system was employed to study the film in-plane
alignment.
2.1.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) is a type of electron microscope that
capable of producing images of surface/near-surface morphology.
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In a typical SEM, electrons are thermionically emitted from an electron gun fitted
with a cathode and accelerated towards an anode by certain potential [4]. The
generated electron beam with an energy ranging from a few hundreds eV to 50 keV is
subsequently focused to a very fine spot size of 0.4 to 5 nm by condenser lens and
objective lens. The beam then passes through scanning coils and scans over a
rectangular area of the sample surface in a raster mode. The interaction of electrons
and the atoms on the sample surface produces signals resulting from an ejection of
secondary electrons, backscattered electrons, primary electrons and characteristic
X-rays. Each of the signals can be detected by specialized detectors and amplified by
certain electronic amplifiers. The amplified signals are then displayed as variations in
brightness on a monitor/cathode ray tube (CRT). Each pixel/spot of computer
videomemory/CRT scanning is exactly synchronized with the position of the beam on
the sample. Therefore, the resulting image reveals the surface morphology of scanned
area. Secondary electrons and backscattered electrons are commonly used for imaging
samples. Secondary electrons are useful to show morphology and topography.
Back-scattered electrons are electrons reflected from the sample by elastic scattering.
The intensity of the backscattered electrons signals strongly depend on the atomic
number of the sample. Therefore, backscattered electrons images can reveal the
elements distribution and also illustrate contrasts in composition in multiphase
samples.
In this project, two types of SEM systems (Philips XL30-FEG and Zeiss Supra 40)
were used to study surface morphology of samples. The beam energy was set to 5 ~
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10 keV. For samples with poor electrical conductivity, gold coating with a thickness of
~15 nm on the surface was conducted using a BAL-TEC Sputter Coater SCD005,
followed by attaching aluminum tape on sample surface to avoid charging effect.
2.1.3 Energy-dispersive X-ray Spectrometer (EDS)
Energy-dispersive X-ray spectrometer (EDS) is an analytical tool for quantitative
elements analysis and composition determination of a sample, which is usually
equipped with SEM system. EDS system is composed of a sensitive X-ray detector, a
liquid nitrogen cooling system and corresponding software to collect and analyze
energy spectra.
EDS is based on the fundamental principle that each element has a unique atomic
structure allowing unique set of peaks on its characteristic X-ray spectrum [5]. The
emission process of the characteristic X-rays is described as follows. At rest, an atom
in the sample contains ground state electrons in discrete energy levels. When the
incident electron beam hits the atom, electron in the inner shell might be excited out
of the shell, leaving a hole behind. At the same time, the electron in higher energy
shell falls into the inner shell and fills the hole. The energy difference between the
high energy and low energy shells leads to the energy release in form of X-ray. The
energy of released X-ray depends on atomic structure rather than excited energy, and
therefore each element possesses its characteristic X-ray spectrum. EDS detector is
used to separate the characteristic X-rays of different elements into an energy
spectrum. The most commonly used detector is Si(Li) detector. Si atoms absorb the
energy of the incoming characteristic X-ray by ionization and generate certain
67
electron-hole pairs. The number of the electron-hole pairs is proportional to the
energy of detected characteristic X-ray. Therefore, the composition can be determined
by collecting and analyzing of these electron-hole pairs.
In this project, EDS (Cambridge), which is equipped within Philips XL30-FEG
SEM system was employed for elements analysis. The beam energy was set to 10 ~
20 keV. The working distance was 10 mm and collecting time was 45 seconds.
2.1.4 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) is another analytical tool to investigate
detailed microstructure of samples in this project. TEM technique is commonly used
to study crystal morphology, structure, crystal orientation, chemical composition,
precipitates and dislocations, etc. TEM system is composed of an electron gun, a
condenser lens system, objective and intermediate lenses, a sample chamber, projector
systems, vacuum systems and a holder that used to insert or remove samples. In a
TEM, a thin sample with typical thickness of ~100 nm is subjected to a parallel
high-energy electron beam with an energy of 100 ~ 400 KeV, so that the electrons
pass through the sample easily. Apart from passing through the sample without
deflection (transmitted beam), some fraction of electrons are scattered to certain
angles (diffracted beam) because the material atoms act as a diffraction grating to the
electrons.
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Figure 2.2. Schematic illustration of TEM bright field imaging.
The bright-field and dark-field modes are the two most commonly used imaging
methods in TEM. They are actualized by selecting electron beams using suitable
objective apertures [6], as illustrated in figure 2.2. For the bright-field imaging, an
objective aperture is positioned on-axis with the transmitted beams so that only
transmitted electrons are allowed to pass through and thus contribute to the resulting
image. For the dark-field imaging (figure 2.3), the aperture is placed off-axis from the
transmitted beams and only allows diffracted electrons to pass through. The latter
mode is particularly suitable to study crystalline grains and defects, which are difficult
to clearly observed in bright field image.
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Figure 2.3. Schematic illustration of TEM dark field imaging.
In addition, a TEM could generate the selected area diffraction (SAD) pattern of a
sample. For a single crystalline material, the image on the screen consists of a pattern
of spots referring to the corresponding satisfied diffraction condition of the sample's
crystal structure. In contrast, a series of rings (the sum of the individual patterns) are
observed for a polycrystalline material. According to the diffraction pattern, the
inter-planar distance can be derived from the equation:
d
hkl
R = Lλ Eq 2.4
where dhkl is inter-planar distance of reflecting planes {hkl}, R is the distance of the
diffracted spot and the center spot on the back focal plane, L is distance between
sample and focal plane, λ is the wavelength of the electron beam and the product of
Lλ is thought as a constant. The SAD can provide the information about crystal
structure and space group symmetries.
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In this project, a JEOL 3010 TEM with an operating voltage of 300 kV was used
to study material microstructures. Sample preparation in TEM operation is a complex
but crucial procedure. Here, the specimens were treated with a mechanical polishing
followed by an ion milling to perform final stage thinning. The Bravman-Sinclair
method [7] was used to specimens for cross-sectional view.
2.1.5 Atomic Force Microscope (AFM)
Atomic force microscope (AFM) is a high-resolution type (at sub-nanometer
resolution [8]) of scanning probe microscopy used to determine the surface
topography of samples. It generates the image of sample surface using a sharp tip
(typically made of. silicon or silicon nitride) that is attached on a flexible cantilever.
As the name suggests, AFM is based on atomic forces including mechanical contact
force, chemical bonding, capillary force, electrostatic force, Van der Waals force and
magnetic force, etc. The basic working principle of AFM is that the forces between
the tip and the sample generated during tip scanning could lead to a z-direction
deflection of the cantilever. The deflection is measured by a laser spot and the laser is
traced by certain photodiodes. The resulting electrical signals is monitored and then
generates a feedback signal to adjust tip-sample distance to maintain a constant force
in between. Therefore, the image obtained from the force-distance information reveals
the surface topography. The schematic diagram of AFM system is shown in figure 2.4.
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Figure 2.4. Schematic diagram of AFM system.
There are three surface analysis modes of AFM: contact mode, non-contact mode
and tapping mode, which are categorized according to the scanning condition that
whether the tip is physically contact with the sample surface or not. In the contact
mode, the cantilever is dragged across the sample surface so that the tip actually
contacts with surface. The large interaction force can result in higher image resolution,
but this mode is not suitable for "soft" materials due to large surface damage.
Contrarily, the cantilever oscillates up and down at a frequency slightly above its
resonance frequency in the non-contact mode and the tip cannot contact with the
surface. Therefore, it is favorable for measuring soft or liquid samples. The tapping
mode is actually a semi-contact mode, in which the cantilever oscillates at near its
resonance frequency, and when the tip gets close to the sample surface, it "taps" the
surface and reduces the oscillation amplitude. The feedback system then adjust the
tip-sample distance to maintain a constant oscillation amplitude. The tapping mode is
the most widely used mode due to its less damage to surface and higher image
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resolution.
In the project, a DI III AFM system was employed to conduct surface topography
scanning and tapping mode was selected for surface analysis.
2.1.6 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a non-destructive technique to
investigate the elements composition, electronic state of the elements and empirical
fomula of a material. A typical XPS system is mainly composed of an X-ray source,
an ultra-high vacuum stainless steel chamber with pumps, an electron collection lens,
an electron energy analyzer, an electron detector system and a sample stage.
The working principle of XPS is that when a material is irradiated by
monoenergetic X-ray beams, the electrons of the atom absorb the energy of X-ray
photons and escape into the vacuum of the instrument by the photoelectric effect.
Although the X-rays can penetrate 1 ~ 5 micrometers of an material, the
photo-emitted electrons that can be detected by XPS are only those that escaping from
within the top 10 nm of the material. This is due to the small mean free path of
electrons in solids. Thus, XPS is a surface-sensitive technique for elements analysis.
The XPS spectrum is obtained by measuring the kinetic energy and the number of
these emitted electrons. The kinetic energy (KE) can be expressed by the equation:
KE = hν - BE - φ
s
Eq 2.5
where hν is the energy of photons, BE is the binding energy of the electrons and φs is
work function of spectrometer [9]. A typical XPS spectrum is a plot of the number of
electrons detected per energy interval versus their binding energy or kinetic energy.
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Each element possesses a series of characteristic XPS peaks with characteristic
binding energy values. Therefore, XPS gives the direct evidence of existence of
element species. Furthermore, atomic percentage values of a material can be obtained
by normalization and correction of each XPS signal with its relative sensitivity factor.
In addition, XPS spectra can also be used to identify the chemical states of the present
elements by analyzing the peak position and recognizing certain spectral features.
Besides, Ar sputtering of the sample surface enables the collection of photoelectrons
from the interior of a sample and thus can be used to study the bulk structure.
In this project, elemental composition of samples and chemical states were
performed by XPS (ESCALAB 220i-XL) with a Mg Kα (1253.6 eV) X-ray source.
2.1.7 Raman Spectroscopy
Raman spectroscopy is a non-destructive spectroscopic technique to study
vibrational, rotational, and other low-frequency modes of both organic and inorganic
samples. It is based on inelastic scattering (Raman scattering) of monochromatic
visible light. In contrast to the elastic Raleigh scattering, which results in scattered
light with the same energy as the incident light, Raman scattering results in the energy
of the emerging photons being shifted up or down due to the interaction of the
incident light with optical phonons or molecular vibrations, as illustrated in figure 2.5.
It is this shift in the emitted photon's frequency away from the excited photon's
frequency that indicates the characteristic vibrational modes in an material. There are
two types of Raman shift. First, if the incident photons transfer energy to the lattice in
forms of phonons, which means final vibrational state is more energetic than the
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initial state, the emitted photon possesses lower energy (frequency) in order to
maintain the balance of total energy. This process is designated as a Stokes shift.
Second, if the final vibrational state is less energetic than the initial state, the emitted
photon possesses a higher frequency, and this is called Anti-Stokes shift [10]. In a
typical Raman spectroscopy, when the scattered light passes through a
monochromator, the light with wavelength close to the incident laser due to elastic
Rayleigh scattering is filtered out. The Raman shift are detected by a photodetector.
Figure 2.5. Energy level diagram of signals showing in Raman.
In this project, Raman spectra were obtained from a Labram HR800 Jobin Yvon
Horiba Raman system. An argon laser with the light wavelength of 514.6 nm was
used as the excitation source. The spectra were measured at room temperature with
collection duration of 20 seconds and a step size of 0.5 cm-1.
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2.2 Magnetic Property Characterization
2.2.1 Vibrating Sample Magnetometer (VSM)
Vibrating sample magnetometer (VSM) is a scientific technique to measure
magnetic properties of an sample. The working principle of VSM measurement relies
on the Faraday's law of electromagnetic induction, which presents that the induced
electromotive force (voltage) V(t) in any closed electrical circuit is proportional to the
rate of the change of magnetic flux dΦ/dt through the circuit [11].
V(t) = - C · dΦ / dt Eq 2.6
where C is a constant. A schematic illustration of VSM system is shown in figure 2.6.
A sample attached on a non-magnetic sample holder is placed in the middle of two
electromagnets and magnetized by an uniform magnetic field in between. The sample
is sinusoidally oscillated by a vibrator (typically a piezoelectric material). It thus
induces the change of magnetic flux through pick-up coil and in turn induces an
electrical signal in the coils. The induced signal in the pick-up coil is proportional to
magnetic moment of sample, but independent on the external applied magnetic field.
This electrical signal is measured by a lock-in amplifier and transferred to magnetic
moment of the sample. Hysteresis loop can be obtained by measuring the sample in
the external applied field switched the direction from a maximum positive field,
through Zero, to a maximum negative field and back to the maximum positive field.
76
Figure 2.6.A schematic illustration of VSM set-up.
In this project, magnetic properties of samples were measured by VSM
(Lakeshore, Model 7404) at room temperature. All samples were cut into 5×5 mm in
size. Prior to sample measurement, calibration was carried out. First, the sample
holder was adjusted to the middle of the magnetic field. Second, a standard Ni foil
(5×5 mm) was used to calibrate the magnetic moment of the VSM system. The
sample was mounted on the sample holder with a non-magnetic tape.
2.2.2 Superconducting Quantum Interface Device (SQUID)
Superconducting quantum interface device (SQUID) is a very sensitive
magnetometer for magnetic properties investigation. The key component of a SQUID
is a superconducting material loop with one or more weak links, forming several
Josephson junctions [12]. Thereinto, superconducting material found in 1911 [13]
means that at below transition temperature, certain material exhibits a resistant-less
state. The Cooper pair transportation in a circuit proposed by Leon Cooper in 1956
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[14] was used to explain this phenomenon. Cooper pair is two electrons (or other
fermions) that coupled each other by an arbitrarily small attraction. In addition, the
weak links can consist of a thin insulating barrier or a non-superconducting metal.
Figure 2.7.A schematic diagram of SQUID system.
The working principle of SQUID is that when an electric current flows between
two superconductors isolated from each other by a weak link layer (Josephson
junctions), there is a quantum tunnelling of Copper pairs across the gap. SQUID
utilizes the properties of Josephson Junctions to detect small variations in magnetic
flux. That is, magnetic flux change from the measured sample could induces a current
in the superconductor loop. By detecting the resulting electrical signal, the magnitude
of the magnetic flux can be determined. SQUID can be used to measure a very small
magnetic moment as its sensitivity can reach up to 10-8 emu. Furthermore, SQUID
system commonly allows to measure magnetization over wide temperature range from
that of liquid helium (~4 K) to 400 K and the temperature can be accurately
controlled.
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In this project, a SQUID system (Quantum Design, MPMS XL-5) was used to
measure magnetic properties of samples at both low temperature and room
temperature. In addition, the zero-field-cooled (ZFC) and field cooled (FC)
magnetization curves were measured in the temperature range of 10 ~ 300 K at a
magnetic field of 500 Oe. The set-up of SQUID system is shown in figure 2.7. The
Dewar shield can help eliminate the influence of thermal radiation, ambient electronic
noise and external magnetic signals. The sample was cut into 5×5 mm in size before
measurement and inserted into a non-magnetic straw (Quantum Design), which is
served as a sample holder. Before starting each measurement, the magnet was reset in
order to remove the remnant magnetic field trapped in the superconducting coils.
Collected data for film were corrected by subtracting the diamagnetic signal from the
holder and sample substrate.
2.3 Optical Property Characterization
2.3.1 Ultraviolet-visible Spectroscopy (UV-vis)
Ultraviolet-visible spectroscopy (UV-vis) is the absorption spectroscopy or
reflectance spectroscopy in the UV-vis spectral region. The components of a UV-vis
spectroscopy include a light source from UV to visible region, sample holders, a
diffraction grating used to separate the different wavelengths of light and a detector.
Simply speaking, it measures transmittance (%T) spectrum, which means the ratio of
the intensity of light passing through a sample (I) to the total intensity of incident light
(I0). The relationship between absorbance A and transmittance is expressed as:
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A = - log (%T / 100%) Eq 2.7
Reflection is another commonly used way to UV-vis spectroscopy and the spectrum
obtained refers to reflectance, which means the ratio of the intensity of light reflected
by a sample to that reflected by a reference material. The physical principle of this
instrument is that the incident light with a certain wavelength is absorbed by the
sample as electronic excitation from the ground state to the excited state occurs.
The UV-vis spectra can be used to calculate the electronic bandgap of a
semiconductor material. A semiconductor material exhibits high absorption for
photons with energies greater than its bandgap, resulting in a sharp increase in
absorption at energies close to the bandgap. In absorbance spectrum, it shows as an
absorption edge. For an indirect bandgap material like Si,




where α is the absorption coefficient, hν is the photon energy of incident light, Eg is
the band gap. Eg is determined by the extrapolated intercept on the photon energy by
the plot of the square root of α(hν) against hν. For a direct bandgap material like ZnO,
(αhν)
2
= C (hν - E
g
) Eq 2.9
where C is a constant independent of photon energy. Eg is determined by the
extrapolated intercept on the photon energy by the plot of (αhν)2 against hν.
This project employed UV-vis spectroscopy (Varian Cary 5000) to investigate
optical transmission/absorption of samples with respect to different wavelengths from
200 nm to 800 nm. Bandgap of semiconductor materials were thus calculated by the
above method. A background scan of empty sample substrate was conducted as a
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reference prior to measurement.
2.3.2 Photoluminescence (PL)
Figure 2.8.A schematic diagram of photoluminescence process.
Photoluminescence (PL) is a non-destructive instrument to detect electronic
structure of a material, especially for semiconductor materials. Photoluminescence
can be simply describe as a process that a material absorbs photons and then
re-radiates photons. As illustrated in figure 2.8, this process can be quantum
mechanically described as: when a photon with energy larger than band gap of a
material, a valence electron of the material can be excited from valence band to
conduction band (photoexcitation). The excited electron then dissipates excess energy
through lattice scattering and drops down to the lowest energy level in conduction
band. Eventually, the electron de-excites from conduction band to valence band and
the energy releases through emitting a photon (luminescence). This emitted photon has
the same energy as the band gap energy of the material. Thus this is one way to obtain
the band gap of a material. Apart from identification of band gap energy, PL spectra
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also give information about possible structural defects, impurity levels and material
quality, etc.
In this project, PL analysis at both room temperature and low temperature is
conducted by a J-Y Horiba Labram HR800 system using a He-Cd laser with the
wavelength of 325 nm as the excitation source.
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CHAPTER 3: Hydrothermal Synthesis of ZnO Nanostructures and Films
3.1 Introduction
High-quality ZnO-based materials are necessary to utilize their novel properties
and potential applications, and therefore it is significant to research into the synthesis
techniques of ZnO nano/microstructures and films. As mentioned in Chapter 1, in
existing deposition techniques for ZnO-based materials, the low temperature aqueous
synthesis such as hydrothermal method has aroused substantial interest due to its great
advantages in low cost and especially in green environmental protection [1, 2]. Lange
et al. [1~3] demonstrated the ability of synthesizing epitaxial ZnO films from aqueous
solutions at temperatures as low as 90 oC. Zhang et al. [4] then employed a
hydrothermal method to successfully prepare epitaxial ZnO:Co films. In order to
investigate doped ZnO films in this project, undoped ZnO nanostructures and thin
films synthesized via a hydrothermal route are investigated as the starting work.
In this chapter, it is firstly presented the basic characterization of ZnO
powder/film synthesized via a hydrothermal method and then presented the
microstructure and properties of ZnO prepared by the hydrothermal process under
varying preparation condition, such as PH value of precursor solution, reaction
temperature and time, additives in precursor solution and substrate materials etc.
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3.2 Experimental
3.2.1 Set-up of Hydrothermal System
In a typical hydrothermal reaction, aqueous precursor solution is placed in an
autoclave to allow the reaction to proceed with elevated temperature (in an oven) and
pressure with certain reaction time ranging from a few hours to a couple of days.
Figure 3.1 shows a schematic diagram of a commonly used autoclave in hydrothermal
synthesis. The Teflon cup could be well sealed when the stainless steel cap is
tightened .
Figure 3.1. Schematic diagram of an autoclave used in hydrothermal method.
ZnO synthesized via the hydrothermal route are commonly dispersed in aqueous
solution and the products are thus in powder form, which can be collected via
subsequent washing and centrifugation. In order to obtain ZnO nanostructures or films
on a substrate, the selected substrate is affixed to a Teflon insert and stood upright in
the autoclave to initiate an additional heterogeneous nucleation. Besides, in order to
boost high-density nucleation and oriented growth, the substrate is usually pre-coated
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with a ZnO buffer layer prior to the actual hydrothermal process [5~8].
3.2.2 Experimental Details
The experimental procedures of hydrothermal process in this project are shown in
table 3.1. All of the reaction conditions used in this study are listed in table 3.2.
Table 3.1. Experimental Procedures of hydrothermal synthesis.
procedure comments
1 Pure ZnO seed layers grown on 1×1
cm2 various substrates by pulsed
laser deposition (PLD) were used as
seed layers for the growth of ZnO
films by hydrothermal process.
The seed layers were approximately 50
nm thick and had (0001) preferred
orientation after the deposition at 400 oC,
as shown in figure 3.2 (b).
The selected substrates included quartz
(110), glass, silicon (100) and sapphire
(0001).
2 The precursor solution consisted of
0.026 M zinc nitrate hexahydrate
(Fluka, 99.9%) and 0.3125 M
ammonium nitrate (Sigma Aldrich,
99.9%) dissolved in deionized water
and stirred the solution for 30 min.
The initial PH value was around 5.5.
Some precursor solutions also contained
0.008 M sodium citrate (Sigma Aldrich,
99.9%) as additive.
3 The ammonium hydroxide (30%)
was dripped into the solution to
adjust the PH value to 7.5 or 10.7,
and then stir the solution for 30 min.
4 The seed layers on substrates were
kept standing upright in a
hydrothermal autoclave.
5 Put the antoclave into an oven and
heat it from room temperature to 60,
75 and 90 oC.
6 After certain reaction time, the
autoclave was cooled in oven to
room temperature.
The film specimens were rinsed in
deionized water and dried in oven at 50
oC.
The products in form of powder in the
solution were washed in deionized water,
centrifuged and dried in oven at 50 oC.
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1 7.5 No 60 oC 12 h Quartz
2 7.5 No 75 oC 12 h Quartz
3 7.5 No 90 oC 12 h Quartz
Time
4 7.5 No 90 oC 15 min Quartz
5 7.5 No 90 oC 1 h Quartz
6 7.5 No 90 oC 6 h Quartz
7 7.5 No 90 oC 12 h Quartz
PH value
8 7.5 No 90 oC 12 h Quartz
9 10.7 No 90 oC 12 h Quartz
Additives 10 10.7 Yes 90 oC 12 h Quartz
Substrate
11 7.5 No 90 oC 12 h Quartz
12 7.5 No 90 oC 12 h Glass
13 7.5 No 90 oC 12 h Silicon
14 7.5 No 90 oC 12 h Sapphire
3.3 Results and Discussion
3.3.1 Basic Characterization of ZnO
Structural properties of the ZnO films/powders synthesized via the hydrothermal
method were characterized by XRD. Figure 3.2 shows the typical θ-2θ XRD patterns
of ZnO powders (a) and films (b). Fig. All the reflection peaks of powder sample can
be readily indexed to pure ZnO with wurtzite structure (JCPDS No. 36-1451, space
group P63mc). The calculated lattice constants are a = 3.2560 Å, and c = 5.2108 Å,
which are in good agreement with those in the JCPDS card. For film sample, it
exhibits prominent (002) peak corresponding to ZnO wurtzite structure, revealing that
the film is single phase with c-axis preferred orientation. XPS spectrum in figure 3.3
shows sharp peaks of C 1s (284.6 eV), O 1s (530.5 eV), Zn (2p3/2) and Zn (2p1/2) at
1021 and 1043 eV and thus confirms the existence of Zn and O withouout other
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elements or impurities.
Figure 3.2. (a) XRD spectrum of ZnO powder synthesized by the hydrothermal
method (specimen 11, powder); (b) XRD spectra for ZnO seed layer (quartz substrate)
prepared by PLD and the subsequent hydrothermally grown ZnO film (specimen 11,
film).
Figure 3.3. XPS spectrum for ZnO film synthesized by the hydrothermal method
(specimen 11, film).
Furthermore, figure 3.4 shows the room temperature UV-visible absorption
spectra of ZnO/quartz films and the inset shows the plot of (αhν)2 against the photon
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energy hν to determine the bandgap energy via linear fitting. The ZnO film has a
strong absorption at 372 nm and the bandgap energy is 3.31 eV, which is consistent
with the reported values (3.24 ~ 3.3 eV) of ZnO films prepared by different
techniques [9, 10]. It is also found that the ZnO/glass, ZnO/Si and ZnO/sapphire films
have similar values of bandgap energy as that of the ZnO/quartz film. In addition, the
Hall measurement shows that as-deposited ZnO/quartz exhibit n-type conduction with
carrier concentration of ∼ 4× 1018 cm-3 and carrier mobility of 20~30 cm2 V-1 s-1,
which are comparable to the values reported for hydrothermally grown ZnO films by
Andeen et al [11].
Figure 3.4. The UV-visible absorption spectra of ZnO/quartz films (specimen 11, film)
and the inset shows (αhν)2 plotted against the photon energy hv.
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Figure 3.5. (a) The room temperature PL spectra; (b) Raman spectra for as-prepared
ZnO film (specimen 11, film) and the film annealed in Ar 80%-O2 20% at from 400
oC to 700 oC.
In addition, the optical properties are closely related with the crystallinity and
structural defects. The room temperature PL spectra of as-prepared ZnO/quartz films
and the annealed samples are shown in figure 3.5 (a). The PL spectrum of as-prepared
sample exhibits a near band-edge UV emission (NBE) at 376 nm (3.29 eV) derived
from the annihilation of excitons [12] and a deep level broad emission (DLE)
“orange-red” band centered around 630 nm that may be mainly attributed to the
presence of oxygen interstitial defects [13]. It can be seen that with increasing
annealing temperature from 400 oC to 600 oC in Ar 80%-O2 20% atmosphere, a strong
enhancement of NBE intensity appears compared with the as-prepared samples. On
the contrary, the DLE intensity significantly decreases after heat treatment. However,
when the temperature increases to 700 oC, the UV emission is deteriorated with an
increased DLE intensity. The ratio of intensity of UV and defect emission can be used
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to compare the crystalline quality of samples when the measurements are performed
under identical excitation conditions [14]. Therefore, it is suggested that the crystal
perfection of ZnO films could be improved when treated at 600 oC in Ar/O2
atmosphere, and treatment at higher temperatures are detrimental for crystallization.
Figure 3.5 (b) illustrates the Raman spectra of ZnO/quartz films annealed under
different temperatures using 532nm exciting source. ZnO/quartz films present phonon
signals at around 330, 437, 582 cm-1 for the E2 (high)-E2 (low), E2 (high) and A1 (LO)
modes, respectively [15]. Among these, the peaks corresponding to E2 (high) and E2
(high)-E2 (low) modes indicate the typical wurtzite structure of ZnO and A1 (LO)
mode is related to structural defects. The absence of the TO modes confirms that the
ZnO films are highly c-axis oriented [16]. One can observe that the relative intensity
of E2 (high) to A1 (LO) is increased for the samples annealed up to 600 oC and
dropped at 700 oC. This indicates that the samples treated at 600 oC have the best
crystallization, which is in agreement with PL results. Besides, it is found that the
annealing temperature has the similar influence on the crystal quality of ZnO/glass,
ZnO/Si and ZnO/sapphire films as that observed in ZnO/quartz films.
In addition, it has been well known that the morphology of ZnO crystallites grown
from aqueous solution is mainly affected by external conditions including charged
molecular species in the solution (ligand, metal counter-ion, pH, ionic strength,
additive surfactant ions), supersaturation, temperature, and the nature of the substrate
[11, 17]. The following sections will therefore present the morphology of the
hydrothermally grown ZnO by adjusting variables of experimental conditions.
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3.3.2 Effect of Reaction Temperature and Time
It is firstly found that the synthesis of ZnO via this hydrothermal method strongly
depends on the reaction temperature. Compared to specimen 3 (90 oC) [figure 3.6 (a)]
which is composed of ZnO nanorods with 500 nm in diameter and 2 ~ 3 μm in length,
figure 3.6 (a) and (b) show much smaller ZnO particles of specimen 1 (200 nm in
diameter and 200 nm in length) and specimen 2 (500 nm in diameter and 1 μm in
length), where the reaction temperature is 60 oC and 75 oC, respectively. Thus, lower
reaction temperature results in reduced growth of ZnO.
Figure 3.6. Field emission SEM images of (a) specimen 1, powder (60 oC); (b)
specimen 2, powder (75 oC) and (c) specimen 3, powder (90 oC).
The influence of reaction time on ZnO morphology is then investigated with the
constant reaction temperature of 90 oC, shown in figure 3.7. When the temperature
increases to 90 oC and held for 15 min [figure 3.7 (a)], only nano-sized ZnO nuclei
occurs on the substrate and the products in form of powders are nano sphere (~200
nm in diameter). Increasing the holding time to 1 h, substantial ZnO nanorods (~250
nm in diameter) appear on the substrate and the film thickness is around 500 nm. ZnO
nanorods with ~400 nm in diameter and ~1 μm in length are formed with 6 h reaction.
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Further increasing the holding time to 12 h, the resulting film is composed of
nanorods with ~600 nm in diameter and ~2 μm in length. The variation trend is
summarized in figure 3.7 (e). In one word, increasing the reaction time from 15 min to
12 h causes the nanorods to become larger and thus results in thicker films. For all
conditions, growth stops after approximately 12 h due to the depletion of zinc nitrate.
Figure 3.7. Field emission SEM images of the surface morphology of ZnO films (a)
specimen 4 (15 min); (b) specimen 5 (1 h); (c) specimen 6 (6 h); and (d) specimen 7
(12 h). The inset in (a) is corresponding powder products of specimen 4. Other insets
show the corresponding cross-sectional morphology of each film. (e) shows the
variation in diameter and length of ZnO nanorods with increasing reaction time.
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3.3.3 Effect of PH value
Figure 3.8. Field emission SEM images of ZnO (a) specimen 8, powder (PH = 7.5);
(b) specimen 9, powder (PH = 10.7). The insets in (a) and (b) are the enlarged SEM
images. (c) and (d) represent surface morphology and cross-sectional morphology of
specimen 9, film, respectively.
As mentioned in Chapter 1, the PH value of the precursor solution strongly affects
growth behaviour, size and morphology of ZnO products. This section presents the
PH effect. As shown in figure 3.8 (a) and (b), there are obvious differences in the
morphology of ZnO powders grown from precursor solutions with different PH
values. Namely, batches of ZnO hexagonal rods with flat (0001) surfaces are obtained
with PH = 7.5, whereas ZnO flowers composed of sharp needle-shaped ZnO
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crystallites are formed with the higher PH = 10.7. Furthermore, ZnO film grown from
precursor solution with PH = 10.7 was obtained [figure 3.8 (c) and (d)]. Compared
with ZnO film with flat surface formed in solution with PH = 7.5 shown in figure 3.7
(d), it is composed of elongated needle-shaped ZnO rods with very rough surface
morphology.
Under equilibrium or near-equilibrium conditions, the facet with higher surface
energy tends to grow with smaller area, while facets with lower energy can grow
larger [18]. In ZnO hydrothermal growth, the highest growth rate is normally along
the c-axis due to the large energy of polar surface (0001) and the large facets are
usually non-polar surface {01-10} and {2-1-10} with relatively lower energy. The
dependence of ZnO morphology on PH of precursor solution could be related with
isoelectric point (IEP ~9.5) of ZnO [11]. During crystal growth, the different ion
species in solution may contact and absorb on the ZnO surface. In the precursor
solution with a PH of 7.5 below IEP of ZnO, positively charged complexes Zn2+,
ZnOH+, and Zn(NH3)42+ dominate. In this case, the positively charged polar
Zn-terminated (0001) surface is stable and the growth rate in the <0001> direction is
reduced, resulting in a flat (0001) surface. In contrast, with higher PH value (10.7)
above IEP, the dominant species change to negative ones Zn(OH)3- and Zn(OH)42- due
to the dissolution of Zn(OH)2 in the alkaline medium [19]. As a result, the negatively
charged species in solution tend to be absorbed on Zn-terminated surface which leads
to anisotropic growth along c-axis direction and thus results in elongated prismatic
ZnO crystallites with sharp end.
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3.3.4 Effect of Additives in Precursor solution
Figure 3.9. Field emission SEM images of ZnO (a) specimen 10, film (PH = 10.7
with sodium citrate); (b) specimen 10, powder (PH = 10.7 with sodium citrate).
In the case of using charged ionic species to control the morphology of ZnO
crystallites, it has been reported that the sodium citrate additives in precursor solution
can be used to maintain the flat surface by controlling the out-of-plane growth [11,
20]. In this study, the function of sodium citrate was investigated. As shown in figure
3.9 (a), ZnO film synthesized from solution with additives is composed of hexagonal
ZnO nanorods with flat surface. The corresponding powder samples also shows that
the morphology of ZnO changes from needle-shaped ZnO crystals with sharp ends
[figure 3.8 (b)] to hexagonal prism shaped ZnO crystals with flat ends [figure 3.9 (b)].
Andeen et al [21] conducted Zeta potential measurement to determine the specific
adsorption of citrate ions onto surface of ZnO powder, from which it was found that
adding sodium citrate into the precursor solution could reduce the IEP of ZnO. This is
because one citrate ion with three negative charges could generate two negative
charges to the surface when it neutralizes one positive charge. Therefore, at low pH,
the observed negative surface charge is due to the absorption of negatively charged
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citrate ions rather than the ZnO surface itself. In contrast, at high pH above the IEP,
the zeta potential of the powder synthesized from solution with or without citrate
additives is almost identical, which indicates that the negatively terminated surfaces
of ZnO mainly result from the negatively charged species in solution rather than
citrate ions. It was thus proposed that citrate ions only specifically attach on the polar
Zn-terminated (0001) plane and impede the growth along the <0001> direction.
3.3.5 Effect of Substrate
Figure 3.10. Field emission SEM images of the surface morphology of (a) specimen
11, ZnO/quartz films; (b) specimen 12, ZnO/glass films; (c) specimen 13, ZnO/Si
films; and (d) specimen 14, ZnO/sapphire films. The insets show the corresponding
cross-sectional morphology of each film.
The fundamental characteristics of pure ZnO films grown on different substrates
were then investigated. The surface morphology and cross sectional SEM images of
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pure ZnO films grown on quartz, glass, silicon and sapphire substrates are shown in
figure 3.10. As shown in figure 3.10 (a) and (b), discontinuous ZnO films with a
relatively rough surface morphology are shown on quartz and glass substrates, and the
film is composed of incompletely coalesced hexagonally shaped ZnO rods (ca. 1.5 ~
2 μm in length). In contrast, both ZnO/Si and ZnO/sapphire films [see figure 3.10 (c)
and figure 3.2 (d), respectively] are composed of fully coalesced hexagonal rods (ca.
1 ~ 1.5 μm in length), displaying a continuous morphology with a smooth surface. All
the samples were grown under the same conditions, therefore, the reason for the
different microstructures of the hydrothermal films might lie in the different structures
of PLD-derived ZnO seed layers on different substrates.
Figure 3.11. (a) θ-2θ XRD patterns of ZnO seed layers on quartz, silicon, sapphire
and glass substrates. (b) XRD rocking curves on the (002) reflection of ZnO/quartz,
ZnO/sapphire, ZnO/Si, ZnO/glass films (dash lines) compared with their seed layers
(full lines) fabricated by PLD, respectively.
The structure of PLD-derived seed layers was then studied. The XRD θ-2θ scans
of ZnO seed layers on different substrates in figure 3.11 (a) shows that the prominent
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(002) peak corresponding to the ZnO wurtzite structure appears in all the four films,
indicating that the ZnO seed layers are all grown with c-axis preferred orientation.
The rocking curves (RCs) on the (002) reflection of the four samples are shown in
figure 3.11 (b). The full width half maximum (FWHM) values of RCs for the ZnO
seed layers on quartz, glass, Si and sapphire substrates are 1.7, 2.8, 1.5 and 0.9,
respectively, indicating that the seed layers fabricated by PLD on Si and sapphire
substrates have better (002) texture than those on quartz and glass substrates. It is also
interesting to note that the FWHM values are reduced after the hydrothermal process
compared to those of the seed layers. It thus suggests that the (002) texture of the ZnO
seed layers grown on different substrates may play an important role in the
microstructure of the subsequently grown ZnO films derived from the hydrothermal
process. A better c-oriented texture of the seed layers is favourable to the growth of
continuous films.
With regards to the reason for better c-oriented texture of seed layers on Si (100)
and sapphire (001) substrate, sapphire is a little clear issue as sapphire (001) plane is a
well matched hexagonal-shaped template for ZnO (002) plane. As for Si, its (100)
plane is square and it shows large lattice mismatch ~40% with ZnO (002). However,
as known, there is always a 3-5 nm amorphous SiO2 layer on Si surface. Here, another
experiment was conducted by intentionally oxidize the Si via O2 annealing at 1400 oC
for 5 h, and it was found that the resultant seed layer has poor (002) texture and
hydrothermal film exhibits column structure. It thus suggests that the structure of this
inevitable thin layer should be different from amorphous SiO2 and it might be related
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with the better (002) orientation of the seed layer on Si substrate. The exact function
still needs further investigation.
To further confirm the effect of seed layers on film morphology, the amorphous
ZnO seed layer fabricated on quartz by PLD deposited at room temperature was
employed to hydrothermally grow ZnO film. As shown in figure 3.12, although this
film also shows a (002) texture, the FWHM value is very large (7.31 ° ) with a
columnar structure.
Figure 3.12. θ-2θ XRD patterns of ZnO film on amorphous ZnO/quartz substrates.
The insets show the XRD rocking curves on its (002) reflection and the surface and
cross sectional morphology of the film.
Furthermore, the off-axis Φ-scan for (101) planes of ZnO films in figure 3.13
shows that both ZnO/quartz and ZnO/sapphire films exhibit peaks with six-fold
symmetry corresponding to the wurtzite structure, indicating the presence of epitaxial
in-plane alignment. However, it is also clear that compared with the ZnO/sapphire
film, the peaks for the ZnO/quartz film show larger FWHM values (10° ~ 12°) and
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much lower intensity, indicating that the epitaxial in-plane texture is much weaker in
the ZnO/quartz film and it could be attributed to the relatively large lattice mismatch
between ZnO and quartz. Based on the theoretical calculations of our research group
[22], it was found that the the epitaxial relationship between quartz (110) and ZnO is
(002) ZnO // (110) quartz; [100] ZnO // [1-10] quartz, which has the lowest formation
energy. Nevertheless, since the lattice in quartz (110) is rectangle, it is not a well
matched template for hexagonal-shaped ZnO (002). Therefore, it may result in certain
lattice defects or distortion and thus exhibit a much weaker epitaxial in-plane texture.
In addition, the off-axis Φ-scan for (101) planes of ZnO/Si and ZnO/glass films shows
no peaks, revealing that the in-plane orientation has random distribution (no epitaxial
growth).




As the starting work of this project, various ZnO particles and highly-textured
ZnO films were synthesized via a hydrothermal route. The basic characterization
confirmed the formation of ZnO phase with wurtzite structure and the (002) preferred
orientation of ZnO films. Optical transmission spectroscopy indicated that the ZnO
film synthesized via this hydrothermal method has a wide band gap energy of ~3.3 eV
at room temperature. A room temperature PL spectrum of the ZnO film revealed a UV
emission peak at around 375 nm with a significant defect emission peak at around 630
nm which might be mainly attributed to the presence of oxygen interstitials. The heat
treatment at 600 oC in Ar-O2 atmosphere could suppress the defect emission peak and
thus significantly improve crystal quality of ZnO films. In addition, Hall
measurements showed n-type behaviour of the ZnO films with a carrier concentration
of ∼4×1018 cm-3 and carrier mobility of 20~30 cm2 V-1 s-1.
Furthermore, it was demonstrated that the morphology of ZnO powders/films
synthesized by this hydrothermal method can be controlled by using different
precursor solutions and reaction conditions. First, the reaction time and temperature
effect showed that lower temperature results in reduced growth of ZnO crystallites
and increasing the reaction time results in larger ZnO crystallites and thicker films.
Second, it was found that the PH value of the precursor solution strongly affects
growth behaviour of ZnO. It was observed that a smooth film together with hexagonal
prism shaped ZnO crystals (flat ends) formed at the lower PH range, while a pitted
film and needle-shaped ZnO crystals (sharp ends) formed at higher PH values. Third,
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it was demonstrated that sodium citrate additives in precursor solution at higher PH
values could drastically reduce growth in the <0001> direction and thus result in a flat
film and hexagonal ZnO rods with flat ends. Additionally, the substrate effect revealed
that the microstructure and surface morphology of the hydrothermally grown films are
dependent on the (002) texture of PLD-derived seed layers on different substrates.
Better c-oriented seed layers are favourable to the formation of continuous and
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CHAPTER 4: ZnO Films Doped with Non-transition Metal Elements (Na, Mg
andAl) via a Hydrothermal Route
4.1 Introduction
As mentioned in Chapter 1, making a nonmagnetic semiconductor ferromagnetic
is one of the most important issues in the magnetism community. DMSs have thus
drawn considerable attention for their novel applications in spintronics. Nevertheless,
the low Curie temperature (Tc) below room temperature of most DMS materials
impedes their practical applications. In this context, inducing ferromagnetism in ZnO
is particularly worth studying because these materials are potential DMSs with a high
Tc above room temperature, which has been both theoretically predicted and
experimentally confirmed. However, a universal mechanism of ferromagnetism in
doped ZnO has yet to be well established and the first key problem is that the origin
of the FM in these materials is plagued by the precipitates, clustering or secondary
phase of doped magnetic elements. Therefore, instead of magnetic elements (such as
Co, Fe) doped ZnO, inducing ferromagnetism in ZnO through non-magnetic elements
doping was the major focuses in this project.
There have recently been startling discoveries in ZnO-based DMSs - achieving
high temperature ferromagnetism in ZnO films doped with nontransition metal
elements, such as Ga:ZnO [1] and C:ZnO [2] etc. Based on these results, it has
recently come to a general agreement that defect plays an important role in the
observed ferromagnetism. Yi et al [3] carried out first-principles calculations and
suggested that each Zn vacancy in ZnO carries a magnetic moment of ~1.30 μB.
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Furthermore, the theoretically and experimentally reported that Li dopants generate
holes in ZnO which could lower the formation energy of Zn vacancy, so that Li-doped
ZnO films with p-type conduction possess room temperature ferromagnetism. The
detailed mechanism was attributed to magnetic moments of Zn vacancies mediated by
holes introduced by LiZn and VZn. It was thus demonstrated that Li doping can provide
an opportunity for defects engineering, resulting in an improvement of properties of
ZnO-based DMS. As it was reported that Na, also in group-І, is one of the dopants for
producing p-type ZnO [4, 5], it is of interest to study magnetic properties of Na-doped
ZnO (section 4.3). Another two representative elements (section 4.4) were also
selected, including II A-group element Mg, which might act as a simple substitution
in ZnO and III A-group element Al, which could provide electron carriers for ZnO.
This chapter aims to study whether doping of these nonmagnetic elements in ZnO via
the hydrothermal method could induce high temperature ferromagnetism.
4.2 Experimental
Various elements doped ZnO films were synthesized via a similar hydrothermal
route of pure ZnO films described in Chapter 3. Sapphire (0001) deposited with ZnO
seed layer by PLD (400 ° C) was used as substrate for subsequent hydrothermal
process in this study. In the hydrothermal growth, the precursor solution consists of
0.026 M zinc nitrate hexahydrate (Fluka, 99.9%) and 0.3125 M ammonium nitrate
(Sigma Aldrich, 99.9%) and different concentration of doping elements (in nitrate
form) dissolved in deionized water. The ammonium hydroxide (30%) was then added
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to adjust the PH value of the precursor solution to 7.5. The reaction temperature and
time are 90 °C and 12 h, respectively. X-ray diffraction (XRD), scanning electron
microscopy (SEM), secondary ion mass spectroscopy (SIMS), X-ray photoelectron
spectroscopy (XPS), UV-visible absorption spectroscopy, Photoluminescence (PL),
and superconducting quantum interference device systems (SQUIDs) were used for
element identification, composition analysis, morphology investigation, optical
properties characterization and magnetic properties measurement.
4.3 Investigation on Na-doped ZnO Film
4.3.1 Structural Characterization of Na-doped ZnO Film
Figure 4.1. θ-2θ XRD pattern of 1% Na-doped ZnO film. The inset shows the XRD
rocking curves on its (002) reflection.
θ-2θ X-ray diffraction (XRD) spectrum of 1% Na-doped ZnO film shown in
figure 4.1 exhibits prominent (002) peak corresponding to the wurtzite structure and
no other diffraction peaks are detected, revealing the single ZnO wurtzite phase with a
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c-axis preferred orientation. The inset shows the rocking curve on the (002) reflection.
The narrow full width half maximum (FWHM) of the rocking curve indicates the
good (002) alignment of Na-doped ZnO film. Other films with different Na
concentration also show the similar XRD results. SEM images of surface and cross
sectional morphology of Na-doped ZnO film in figure 4.2 show that the film on
sapphire substrate is composed of fully coalesced hexagonal rods, displaying a
continuous morphology with a smooth surface. The film thickness is around 1 μm.
Figure 4.2. Field emission SEM images of (a) surface morphology and (b) cross
sectional morphology of 1% Na-doped ZnO film.
XPS spectra shown in Figure 4.3 reveals the existence of Na in the film, which is
confirmed by the SIMS peak list of different elements shown in figure 4.4 (a).
Furthermore, the SIMS profiles in figure 4.4 (b) reveal that the Na atoms are
uniformly distributed throughout the thickness of film. Noted that the intensity of
each element is arbitrary and it does not take into consideration of its element
sensitivity factor. The doping concentration of Na in ZnO was estimated by SIMS
combined with XPS to be ~0.2%, ~0.6%, ~1% and ~2% , which is much lower than
the nominal concentration in precursor solution (1%, 3%, 5% and 10%, respectively).
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In this section, the actual doping concentration is used to designate the samples.
Figure 4.3. Na1s XPS spectrum for (a) 1% Na doped ZnO film with p-type
conductivity and (b) 2% Na doped ZnO film with n-type conductivity.
Figure 4.4. (a) SIMS peak list of different elements in 1% Na-doped ZnO; (b) SIMS
profiles of elements Zn, Na and O in the film.
4.3.2 Transport Properties of Na-doped ZnO Film
For the Na-doped ZnO samples, the carrier concentration, mobility, conduction
type, and resistivity determined via Hall measurements are shown in table 4.1. The
transport properties measurement shows that undoped ZnO film and 0.2% Na-doped
ZnO film show n-type behaviour, whereas the 0.6% and 1 % Na-doped ZnO films
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exhibit p-type behaviour. When the doping concentration is increased to 2%, the films
switch to n-type conductivity.
The n-type conductivity of ZnO originates from a combination effect of Zn
interstitial, oxygen vacancy, and hydrogen atoms unintentionally incorporated during
preparation process [6]. Substitutional group-I impurities are acceptors, but group-I
impurities at the interstitial site are electron donors [7]. The p-type doping efficiency
of group-I elements is limited by the formation of compensating interstitials because
of the relative stability of NaZn/Nai (LiZn/Lii) complex [8]. Compared with the carrier
concentration of undoped ZnO film, slight doping of 0.2% Na reduces the effective
number of n-type carriers in the system although the overall nature of the film remains
n-type. This indicates the effective substitution of Na in Zn sites (NaZn) which act as
shallow acceptors. With increased doping concentration of Na to 0.6%, the further
compensation of n-type carriers results in a high resistivity and the film switches to
p-type conductivity. 1% doping leads to p-type behaviour with increased hole
concentration. However, excess Na (2%) incorporation into ZnO, n-type carriers
dominate. Na interstitials (Nai) might be one origin of the n-type behaviour. The XPS
spectra of Na 1s core level shown in figure 4.3 could give some information about the
position of Na in ZnO. For 1% Na doped ZnO with p-type behaviour, only a single
peak at 1070.8 eV was observed, corresponding to Na-O bond. At higher Na doping
concentration 2% exhibiting n-type conductivity, however, another prominent peak
was observed at 1068.7 eV, corresponding to Na interstitial [7]. According to
reference [7, 9], another attribution is the difference in ionic radii of Zn2+ (0.074 nm)
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and Na+ (0.095 nm) and the larger bond length of NaZn-O (2.1 Å) than the ideal Zn-O
bond length of 1.93 Å, which may induce large lattice strains around these
substitutional impurities. The lattice strains could increase the impurity formation
energy and make the formation of other compensating defects such as vacancies
around the impurity easier [7]. Lai et al [9] reported that excess Na doping
concentration could lead to the increase in the donor-like VO density and thus result in
an ambiguous carrier type.











0 0.05 24 -5.2×1018 n
0.2 9 5.4 -1.3×1017 n
0.6 45 1.6 8.8×1016 p
1.0 6.6 3.7 6.5×1017 p
2.0 1.57 17 -2.34×1017 n
4.3.3 Ferromagnetism of Na-doped ZnO Film
Figure 4.5 (a) shows the original M-H loops for Na-doped ZnO films and the
dependence of saturation magnetization (Ms) on Na doping concentration is shown in
figure 4.5 (b). No ferromagnetism was observed in undoped ZnO film.
Ferromagnetism starts to appear at 0.6% Na doping and reaches a maximum at 1%, in
coexistence with p-type behaviour. The ferromagnetism eventually disappears in 2%
Na-doped ZnO film, which exhibits n-type conductivity. It thus suggested that the
ferromagnetism in this Na-doped ZnO system is always accompanied by a p-type
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conduction. Hysteresis loops obtained at 5 K and 300 K for 1 % Na-doped ZnO film
are shown in figure 4.5 (c). The relatively large coercivity of the film at 300 K (Hc =
75 Oe) confirms the ferromagnetic coupling. The inset in figure 4.5 (c) gives the Ms
dependence on temperature for ZnO doped with 1% Na, revealing that the Curie
temperature is above 400 K. An explanation for the ferromagnetic behaviour is given
further on.
Figure 4.5. (a) M-H curves of films with different Na doping concentration. (b)The
saturation magnetization dependent on Na doping concentration. (c) Hysteresis loops
of 1% Na-doped ZnO at 5 K and 300 K. The inset is the saturation magnetization of
the sample dependent on temperature.
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4.3.4 Ferromagnetism Origin of Na-doped ZnO Film
In light of the above experimental observations, it is noted that ferromagnetism of
this Na-doped ZnO system is accompanied by a p-type behaviour. Dietl et al [10]
have proposed a modified Zener exchange model for explaining the FM in p-type
ZnO based magnetic semiconductors, which suggested that the magnetic coupling is
mediated by delocalized or weakly localised holes arising from shallow acceptors.
The mechanism of room temperature ferromagnetism in group-I element (Li) doped
ZnO was previously proposed by Yi et al [3] from my research group. It was
demonstrated that cation vacancies can be ferromagnetic origin of DMSs, but
normally these cation vacancies have higher formation energy. Li doping in ZnO
could reduce the formation energy of Zn vacancy and thus stabilize the Zn vacancy.
Namely, the Li dopant itself, in either interstitial or substitutional form, does not
directly lead to a magnetic moment, but its contribution to ferromagnetism is realized
through stabilizing Zn vacancies which are magnetic. Ferromagnetic coupling could
be mediated by the holes introduced by Li substitutional doping and Zn vacancies.
Based on this theory, the dependence of magnetization of Na-doped ZnO films on
conduction type in this study might also suggest the necessity of p-type carriers
generated by NaZn for the ferromagnetism. For the time being, it has been known that
Na in both interstitial and substitutional form cannot contribute to the magnetic
moment. Hence, the defects existed in ZnO might be origin of the magnetic moment.
The exact type of defects contributing to the ferromagnetism is still under
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experimental and theoretical investigation.
4.4 Investigation on Other Elements Doped ZnO Films
In addition to Na-doped ZnO films, Mg- and Al-doped ZnO films were also
investigated in this study. It is firstly noted that neither Mg nor Al doping in ZnO via
the hydrothermal method can induce ferromagnetism, as shown in figure 4.6.
However, Al-doped ZnO film as a potential candidate for transparent conducting
oxide (TCO) [11, 12] and Mg doping in ZnO for band gap engineering [13, 14] are
worthy to be studied.
Figure 4.6. M-H loops for (a) Mg-doped ZnO film and (b) Al-doped ZnO film. The
insets are M-H curves before subtraction of the substrate signals.
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Figure 4.7. Doping content in films as a function of that in the precursor solution for
(a) Mg content and (b) Al content.
Figure 4.7 shows the doping content of the film (detected by XPS) corresponding
to that in the solution. It can be seen that the Mg and Al content in the film is nearly
proportional to their concentration in the precursor solution, but it is lower in the film
than in the solution, especially when intended doping concentraion is more than 5%.
This difference can be attributed to the solubility limit of doping elements in ZnO
lattice, which usually depends on growth mechanisms as well as growth conditions
[13]. Some of the "well-known" properties of Mg and Al doped ZnO will be briefly
presented in the following two sections. The actual doping concentration in the film
was used to designate the samples.
4.4.1 Mg-doped ZnO Film
Figure 4.8 (a) shows the XRD patterns of Zn1-xMgxO films with different Mg
contents. The films all exhibit single phase with c-axis preferred orientation. It is
noted that with increasing Mg content, the ZnO (002) peaks shift to higher angles,
indicating the decrease in the c-axis lattice constant, as shown in figure 4.8 (b). The
deviation of the lattice constant may originate from smaller ionic radius of Mg2+
(0.065 nm) compared with Zn2+ (0.074 nm). This is also an unequivocal evidence for
Mg incorporation into ZnO. The inset XPS spectrum in figure 4.8 (b) shows the Mg
2p level with a binding energy of 50.5 eV, suggesting the existence of Mg2+ in ZnO.
The film morphology of Mg-doped ZnO is similar with Na-doped ZnO.
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Figure 4.8. (a) θ-2θ XRD patterns of Zn1-xMgxO films; (b) Mg concentration
dependence of the lattice constant c. The inset in (b) shows the XPS spectrum of Mg
2p level for 4% Mg doped ZnO film.
Figure 4.9. Resistivity of Zn1-xMgxO films with different Mg content.
Figure 4.9 shows the resistivity of the Zn1-xMgxO films with different Mg doping
concentrations. It is clear that the resistivity increases with increasing Mg
concentration. This may be due to the lattice distortion in the films induced by Mg
incorporation. Additionally, another attribution is that the fluctuation of Mg
composition can produce electrical barriers, increasing scattering of the carriers, and
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thus decrease the conductivity [15].
Figure 4.10. (a) (αhν)2 plotted against the photon energy hv for Zn1-xMgxO films; (b)
Energy band gap as a function of Mg content.
To determine the band gap of Zn1-xMgxO films, transmission spectra were
conducted and figure 4.10 (a) shows the plot of (αhν)2 against the photon energy hν
derived from transmission measurement. The band gap is determined via linear fitting
of the absorption edge. From figure 4.10 (b), it is clearly seen that the band gap of
undoped ZnO film synthesized via the hydrothermal method is 3.29 eV, which
increases to 3.38 eV for Zn1-xMgxO (x = 0.04) film. With increasing Mg content (x),
the band gap of Zn1-xMgxO films increases due to the broadening effect [14], which
can be simply explained by the fact that the excitons are largely affected by the
different potentials for the local fluctuations of Mg content. Further increasing the
doping concentration (without phase separation), the band gap of ZnO could be
blueshifted to 4 eV [16]. Therefore, Mg doping in ZnO can modulate its band gap.
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4.4.2 Al-doped ZnO Film
Figure 4.11. (a) θ-2θ XRD patterns of Zn1-xAlxO films; (b) Al concentration
dependence of the lattice constant c. The inset in (b) shows the XPS spectrum of Al
2p level for 3.5% Mg doped ZnO film.
Figure 4.11 (a) shows the XRD patterns of Zn1-xAlxO films with different Al
contents. The films all exhibit single phase with (002) preferred orientation. It is noted
that with increasing Al content, the ZnO (002) peaks shift to higher angles, indicating
the decrease in the c-axis lattice constant, as shown in figure 4.11 (b). The deviation
of the lattice constant may originate from smaller ionic radius of Al3+ (0.054 nm)
compared with Zn2+ (0.074 nm). This is also an unequivocal evidence for Al
incorporation into ZnO. The inset XPS spectrum in figure 4.11 (b) shows the Al 2p
level with a binding energy of 75.6 eV, suggesting the existence of Al in ZnO. The
film morphology of Al-doped ZnO is also similar with Na-doped
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Figure 4.12. Resistivity, carrier mobility, and carrier concentration as a function of Al
doping concentration in Zn1-xAlxO films.
Al elements are usually added to ZnO lattice in order to improve the electrical
properties. The dependence of the electrical resistivity, carrier mobility and carrier
concentration of the films on the Al doping concentration is shown in figure 4.12. The
resistivity is a combination effect of carrier concentration and carrier mobility. The
films with lower Al concentration (1.3%) show slightly higher resistivity than the
undoped ZnO. This might be attributed to the decrease of carrier mobility arising from
the ionized impurity scattering of electrons due to the incorporation of Al impurities
into ZnO lattice. With increasing doping concentration up to 3%, the resistivity value
decreases to a minimum of the order of 10-2 ohm·cm. Although the carrier mobility is
decreased with increasing dosage, the carrier concentration reaches a maximum value
of 2×1019 cm-3. It is noted that further increasing the dosage to 3.5% could result in
deterioration of the conductivity. Dhoughi et al [17] attributed the worsening of the
electrical properties with excess Al doping to the occupation of Al in interstitial sites.
Bazzani et al [18] employed first-principles calculations to demonstrated that heavily
121
doping Al above 3 ~4 % lead to interstitial Al and suggested that interstitial Al could
lead additional localized states around the gap, acting as traps for electrons. Kim et al
[19] suggested that the Al-oxides could be easily formed that act as defects because Al
has more vigorous reaction with O than Zn.
Figure 4.13. (a) (αhν)2 plotted against the photon energy hv for Zn1-xAlxO films; (b)
Energy band gap as a function of Al content.
Figure 4.13 (a) shows the plot of (αhν)2 against the photon energy hν derived from
transmission measurement. The band gap is determined via linear fitting of the
absorption edge. The variation of band gap as a function of Al doping concentration in
figure 4.13 (b) shows that the band gap is increased with increasing doping
concentration up to 3%, and then decreased for higher doping. This trend is in
accordance with the variation of carrier concentration. The phenomenon is attributed
to the Burstein-Moss effect [20], which means the Fermi level tends to move into the
conduction band due to the high carrier concentration, and therefore the valence




In summary, nontransition metal elements (such as Na, Mg and Al) doped ZnO
films were synthesized via a hydrothermal route. High temperature ferromagnetism (2
emu cm-3) accompanied by a p-type conduction was observed in Na-doped ZnO films
with certain doping concentration. Na substituting in Zn sites were considered as
acceptors while interstitial Na act as donors. The experimental results suggested that
p-type carriers might be necessary for the ferromagnetic ordering in Na-doped ZnO
films. Since the dopants Na in form of substitution and interstitial in ZnO are all
nonmagnetic, the magnetic moment of this system might arise from intrinsic defects.
The exact defect types which contribute to the magnetic moment is still under
investigation. In addition, no ferromagnetism was induced by Mg and Al doping in
ZnO. Instead, other typical properties for Mg and Al doped ZnO films were
investigated. It was found that Mg doping can modulate the band gap of ZnO films,
which might be practically used for fabrications of ZnO/ZnMgO heterostructure light
emitters as well as ultraviolet photo-detectors. Al-doped ZnO film was found to
possess high transmittance in visible region, low resistivity and tunable optical band
gap, and it is thus an excellent candidate for transparent conducting oxides. These
results also demonstrated that the hydrothermal technique employed in this study is an
efficient method for synthesis of ZnO-based materials with excellent performance.
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CHAPTER 5: ZnO Films Doped with Transition Metal Elements (Cu) via a
Hydrothermal Route
5.1 Introduction
Transition metal (TM) elements doped ZnO are potential DMSs with a high Tc
above room temperature [1-3], which has been both theoretically predicted [4] and
experimentally confirmed [5-7]. However, a universal mechanism of ferromagnetism
in TM-doped ZnO has yet to be well established and the first key problem is that the
origin of the FM in these materials is plagued by the precipitates, clustering or
secondary phase of doped magnetic TM elements [8, 9]. Therefore, a study on
inducing ferromagnetism in ZnO through non-magnetic elements doping was
necessary.
In this context, apart from non-transition elements discussed in Chapter 4, a TM
element - Cu was also employed as a dopant in ZnO. Cu-doped ZnO were selected in
this research work because neither metallic copper nor its compounds are
ferromagnetic. Indeed, first-principles calculation showed that ZnO:Cu system
exhibits a ferromagnetic state [10], which was further confirmed by experimental
observations of room temperature ferromagnetism (RTFM) in Cu-doped ZnO
materials [11-13]. Additionally, a thick Cu-doped ZnO film synthesized via a
hydrothermal route is a suitable choice for this study. This is because a thick film with
relatively strong ferromagnetism is favorable for the study on origin of
ferromagnetism of ZnO:TM because it can exclude the possibility of strain-induced
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ferromagnetism enhancement [14] related to thin film and reduce the possibility of
contamination signal during sample transport and handling.
The next section of this chapter elaborates the experimental details. The structure
and morphology investigation of synthesized highly-textured thick Cu-doped ZnO
films is presented in section 5.3. In section 5.4, the ferromagnetism of Cu-doped ZnO
is reported from two aspects (doping concentration and annealing effect). The
possible mechanism for FM in Cu-doped ZnO films is discussed and proposed in
section 5.5.
5.2 Experimental
Cu-doped ZnO films were synthesized via a similar hydrothermal route of pure
ZnO films described in Chapter 3. Pure ZnO films were firstly deposited by pulse
laser deposition (PLD) at 400 °C on different substrates including quartz (110), silicon
(100) and sapphire (0001) as seed layers for hydrothermal growth. The seed layers are
approximately 50 nm thick and have (0001) preferred orientation. In the hydrothermal
process, the precursor solution consists of 0.026 M zinc nitrate hexahydrate (Fluka,
99.9%) and 0.3125 M ammonium nitrate (Sigma Aldrich, 99.9%) and different
concentration of copper nitrate trihydrate (Fluka, 99.9%) dissolved in deionized water.
The ammonium hydroxide (30%) was then added to adjust the PH value of the
precursor solution to 7.5. The substrates with ZnO seed layers were subsequently
affixed to a Teflon insert and stood upright in a sealed hydrothermal autoclave, which
was placed into an oven at 90 °C for 12 h. The autoclave was then cooled down to
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room temperature and the specimens were rinsed in deionized water and dried. In this
work, we obtained Zn1-xCuxO films with different copper concentration x = 0, 0.01,
0.02, and 0.05 on different substrates and also corresponding powder samples.
Thermal annealing treatments of the as-prepared samples were carried out in different
atmosphere including O2/Ar (20%/80%) atmosphere, pure Ar (99.9999%) atmosphere
and H2/Ar (2.5%/97.5%) atmosphere.
The morphology and composition of the films were investigated by scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX),
respectively. The structure, phase identification and crystal orientation were
determined by Raman spectra and X-ray diffraction (XRD). Optical properties were
characterized by UV-visible absorption spectroscopy and room temperature PL
measurements. The electrical properties were investigated using a Hall Effect system
and four-point probe method. The ferromagnetic behaviours of Cu-doped ZnO films
at room temperature were carried out by a vibrating sample magnetometer (VSM) and
a superconducting quantum interference device (SQUID). X-Ray photoelectron
spectroscopy (XPS) was used in the study of the film composition and ionic states.
5.3 Structural and Morphology Characterization of Cu-doped ZnO Film
5.3.1 Cu-doped ZnO Films on Different Substrates
The microstructure of Cu-doped ZnO films also depends on similar substrate
effect as that of pure ZnO films reported in section 3.3.1. According to SEM images
of surface and cross sectional morphology of Zn0.98Cu0.02O films on quartz, Si and
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sapphire substrates shown in figure 5.1 (a) ~ (f), it is noted that the Cu-doped ZnO
films on different substrates show different morphologies. On quartz substrate, a
relatively rough film with incompletely coalesced hexagonally shaped ZnO columnar
structures is formed. In contrast, the films on Si substrate, especially on sapphire
substrate, are composed of fully coalesced hexagonal rods, displaying a continuous
morphology with a smooth surface. The film thickness is around 1 ~ 2 μm. Similar as
undoped ZnO films in Chapter 3, the ZnO seed layers grown on different substrates
play an important role in the microstructure of the subsequently grown Cu-doped ZnO
films derived from the hydrothermal process. A better (002) texture of the seed layers
is favourable to the growth of continuous films.
Figure 5.2 shows the XRD spectra of Cu-doped ZnO films on different substrates.
The films on quartz, Si and sapphire substrates exhibit prominent (002) peak
corresponding to ZnO wurtzite structure, revealing that the films are single phase with
c-axis preferred orientation. In addition, the EDX spectra shown in the insets of figure
5.1 (a) (c) and (e) confirm the existence of Cu, Zn, and O in Zn1-xCuxO samples and
no other elements or impurities are present except for the Au peak due to the Au
coating for the SEM examination.
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Figure 5.1. Field emission SEM images of (a) surface morphology and (b) cross
section of Zn0.98Cu0.02O/quartz films, (c) surface morphology and (d) cross section of
Zn0.98Cu0.02O/Si films, and (e) surface morphology and (f) cross section of
Zn0.98Cu0.02O/Sapphire films. The insets in (a), (c) and (e) are EDX spectra of
Zn0.98Cu0.02O/quartz, Zn0.98Cu0.02O/Si and Zn0.98Cu0.02O/Sapphire films, respectively.
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Figure 5.2. θ-2θ XRD patterns for Zn0.98Cu0.02O films on quartz, Si and sapphire
substrates.
Figure 5.3 illustrates Raman spectra of Cu-doped ZnO films on different
substrates using 532 nm exciting source. Zn0.98Cu0.02O films on quartz, Si and
sapphire substrates all present phonon signals at around 332, 438, 582 cm-1 for the E2
(high)-E2 (low), E2 (high) and A1 (LO) modes, respectively [15]. Among these, the
peaks corresponding to E2 (high) and E2 (high)-E2 (low) modes indicate the typical
wurtzite structure of ZnO and A1 (LO) mode is related to structural defects [16]. The
higher relative intensity of E2 (high) peak and negligible A1 (LO) mode reveal that the
Zn0.98Cu0.02O/sapphire film has better crystal quality than the two other films. Besides,
it is noted from table 5.1 that Zn0.98Cu0.02O films on quartz, Si and sapphire substrates
all exhibit n-type conductivity.
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Figure 5.3. Visible Raman spectra for Zn0.98Cu0.02O films on (1) quartz, (2) sapphire
and (3) Si substrates.
Table 5.1. Resistivity, carrier concentration and carrier mobility of Zn0.98Cu0.02O films









Zn0.98Cu0.02O/quartz 0.44 -6.78×1017 12.4
Zn0.98Cu0.02O/Si 0.36 -7.49×1017 10.2
Zn0.98Cu0.02O/sapphire 0.68 -5.11×1017 15.5
5.3.2 Cu-doped ZnO/quartz Films with Different Doping Concentration
The X-ray diffraction patterns of the Zn1-xCuxO/quartz films with different copper
atomic concentrations x = 0, 0.01, 0.02, and 0.05 are displayed in figure 5.4. All of
them exhibit prominent (002) peak corresponding to the wurtzite structure and no
other diffraction peaks are detected, revealing the single ZnO wurtzite phase with a
c-axis preferred orientation. The (002) peak is at 34.44°, 34.46°, 34.50°, and 34.52°
for ZnO, Zn0.99Cu0.01O, Zn0.98Cu0.02O, and Zn0.95Cu0.05O films, respectively. It is noted
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that the step size in XRD measurement is 0.01o and the count time per step is 0.5 s.
Because of the XRD Instrumental Error Source (1. Specimen displacement; 2.
Instrument misalignment; 3. Error in zero 2 theta position, etc), if it is not a high
resolution XRD, the peak shift of around 0.01o~0.02o is usually thought to be in error
range of the instrument. However, in this experiments, a series of samples with
different doping concentration was compared, which were measured under the same
conditions. Hence, the peak shift could be used to show a trend of the change of the
lattice constant. In one word, the (002) peaks have a trend of shift to higher angles
with increasing Cu doping concentration, indicating the reduction of lattice constant c















where d is inter-planar distance of planes (hkl). a and c is lattice constant of hexagonal
crystal system. It thus confirms the substitution of Zn2+ by Cu2+ due to the smaller size
of Cu2+ (Cu2+ ions have radii of 0.072 nm as compared to 0.074 nm for Zn2+ ions [17]).
The inset in figure 5.4 shows the X-ray diffraction rocking curves on the (002)
reflection of the samples. The typical FWHM values are around 1.6° for pure ZnO
seed layer in contrast to 1.7°, 1.9°, and 2.0° for Zn0.99Cu0.01O, Zn0.98Cu0.02O, and
Zn0.95Cu0.05O, respectively. The increase in FWHM value might be related to the
increase in structural disorder with increasing Cu concentration. Similar results can be
obtained for Zn1-xCuxO/Si and Zn1-xCuxO/sapphire films.
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Figure 5.4. θ-2θ XRD patterns of Zn1-xCuxO/quartz films. The inset shows the XRD
rocking curves on the (002) reflection of Zn1-xCuxO film and the pure ZnO seed layer
fabricated by PLD. (1), (2), (3), and (4) represent the Zn1-xCuxO films with x=0, 0.01,
0.02 and 0.05, respectively.
XPS spectrum shown in figure 5.5 confirms the EDX result. It is also confirmed
that the Cu content in films is very close to the nominal content in their precursor
solution, as listed in table 5.2.
Figure 5.5. XPS spectrum for Zn0.98Cu0.02O film.
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Table 5.2. Nominal and actual Cu content in Zn1-xCuxO/quartz films.
Samples Nominal Cu content Actual Cu content
Zn0.99Cu0.01O
x=0.01
1 % 0.9 %
Zn0.98Cu0.02O 2 % 1.8 %
Zn0.95Cu0.05O 5 % 4.8 %
Figure 5.6. The UV-visible absorption spectra and normalized room-temperature PL
spectra of Zn1-xCuxO films. (1), (2), (3), and (4) represent the Zn1-xCuxO films with
x=0, 0.01, 0.02 and 0.05, respectively.
Besides, UV-visible spectra and photoluminescence (PL) spectra further confirm
that copper dopants are incorporated into the ZnO host lattice. In figure 5.6, the
UV-visible spectra exhibit red shift of 1.25, 3.60, 8.20 nm for Zn0.99Cu0.01O,
Zn0.98Cu0.02O, and Zn0.95Cu0.05O, respectively, compared to ZnO (at about 372nm),
indicating a bandgap reduction. Additionally, in the PL spectra, a near band-edge
emission (NBE) appears at 376 nm in the ultraviolet spectral region for ZnO. After
doping, the NBE peak shifts towards longer wavelength with increasing Cu
concentration, which arises from the decrease of bandgap due to strong coupling
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between localized 3d electrons of Cu2+ and the extended s and p carriers of ZnO [18].
5.4 Ferromagnetism of Cu-doped ZnO Film
5.4.1 Doping Concentration
Figure 5.7. Magnetization versus magnetic field (M-H) loops for Zn1-xCuxO films at
room temperature. The bottom right inset shows the M-H loops for
Zn0.98Cu0.02O/quartz films at 5 K and 300 K. (1), (2), (3), and (4) represent the
Zn1-xCuxO films with x=0, 0.01, 0.02 and 0.05, respectively.
Figure 5.7 depicts the typical magnetization versus magnetic field (M-H) loops for
Cu-doped ZnO films at room temperature. As shown, no ferromagnetism can be
detected from pure ZnO. However, a well defined hysteresis behaviour observed in
Zn0.99Cu0.01O, Zn0.98Cu0.02O, and Zn0.95Cu0.05O indicates that Cu-doped ZnO films
exhibit room temperature ferromagnetism. The saturated magnetization of
Zn0.99Cu0.01O, Zn0.98Cu0.02O, and Zn0.95Cu0.05O are 1.02, 2.75, and 0.26 emu cm-3,
respectively. Using the actual Cu content in the Cu-doped ZnO films, the Cu moment
was computed to be around 0.28, 0.40, and 0.01 μ
B
/Cu for x = 0.01, 0.02, and 0.05,
136
respectively. Cu in Zn0.98Cu0.02O sample has the highest moment value. Liu et al. [14]
has found that the saturated magnetization of Co-doped ZnO films could rapidly
decrease with increasing film thickness from 15 nm to 900 nm due to the decrease of
lattice strain. However, in our work, Zn0.98Cu0.02O film with a thickness of 1.2 μm
exhibits comparable saturated magnetization with previously reported 250 nm-thick
Cu-doped ZnO films (~0.4 μ
B
/Cu) [19], which indicates that we could obtain thick
films with high magnetization via this hydrothermal process. This result also confirms
that the ferromagnetism is originated from Cu doping rather than strain. It can also
been found from M-H loops that as Cu concentration increases from 0.02 to 0.05, the
magnetic moment per Cu ion markedly decreases. Theoretical study of the ZnO:Cu
system indicated that the relative location of the Cu atoms to each other can strongly
affect its magnetic properties. Feng [20] suggested that for the case where Cu atoms
were separated by 5.2424 Å along c-axis the ferromagnetic state was favoured. In
contrast, the case where Cu atoms were separated by 3.2587 Å within the ab plane
would lead to an antiferromagnetic state. Therefore, for our samples, the decrease in
magnetic moment per Cu ion could be attributed to an increased number of copper
atoms occupying adjacent cation positions resulting in antiferromagnetic alignment.
The bottom right inset in figure 5.6 shows the M-H loops conducted at 5 K and 300 K
for Zn0.98Cu0.02O/quartz film. The coercivity of the film at 5 K and 300 K is 202 Oe
and 70 Oe, respectively. The relatively large coercivity confirms the ferromagnetic
coupling.
In addition, the zero-field-cooled (ZFC) and field cooled (FC) magnetization
curves in the temperature range of 10-300 K at a magnetic field of 500 Oe on
Zn0.98Cu0.02O/quartz film in figure 5.8 further confirm the ferromagnetism of the
sample. The weak temperature dependence of FC magnetization suggests that the
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transition temperature is much higher than 400 K.
Figure 5.8. The temperature dependence of FC and ZFC magnetizations for
Zn0.98Cu0.02O/quartz films.
Hall measurements indicate that Cu-doped ZnO films with different Cu
concentrations all exhibit n-type conductivity. It is known that pure ZnO film
normally shows n type conductivity. The n-type conductivity of ZnO originates from a
combination effect of Zn interstitial, oxygen vacancy, and hydrogen atoms
unintentionally incorporated during preparation process [21]. Compared with the
carrier concentration of pure ZnO film, doping of Cu reduces the effective number of
n-type carriers in the system, as shown in table 5.3. It may be attributed to the
incorporation of holes in the film due to Cu doping [22]. However, the overall nature
of the films remains n-type. The electrical resistivity measured by the four-point probe
method increases with increasing Cu concentration in Cu-doped ZnO film.
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Table 5.3. Resistivity, carrier concentration and carrier mobility of Zn1-xCuxO/quartz








ZnO/quartz ZnO 0.05 -4×1018 19.7
Zn1-xCuxO/quartz
Zn0.99Cu0.01O 0.21 -7.26×1017 10.9
Zn0.98Cu0.02O 0.44 -6.78×1017 12.4
Zn0.95Cu0.05O 1.08 -2.31×1017 11.3
5.4.2 Effect of Annealing Conditions
In order to understand the origin of ferromagnetism in ZnO:Cu films, the
deposited films were performed annealing under different atmospheres. Figure 5.9
shows room temperature PL spectra of as-prepared Zn0.98Cu0.02O/quartz film and the
films annealed in O2/Ar (20%/80%) and H2/Ar (2.5%/97.5). A strong deep level broad
emission (DLE) band centered around 620 nm with a weak UV emission is observed
for the as-prepared film. This orange-red emission band for hydrothermally grown
ZnO films can be mainly attributed to the presence of oxygen interstitials [23-25]. For
the film annealing under O2/Ar, DLE band is still obviously observed, though the
intensity is reduced. For the film annealed under H2/Ar, the DLE band almost
disappears and the NBE intensity increases by more than ten times, probably due to
the passivation of deep-level states (such as oxygen interstitials) by hydrogen [26].
Additionally, the Raman spectra shown in figure 5.10 also suggest the consistent
results that when annealing the film in O2/Ar, the intensity of A1(LO) mode
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corresponding to the structural defects is still obviously detected although a slight
decrease, while H2/Ar annealing results in the quenching of this mode.
Figure 5.9. Room-temperature PL spectra for as-prepared Zn0.98Cu0.02O/quartz film,
the film annealed at 600 oC in H2/Ar (2.5%/97.5%) atmosphere for 1 h and the film
annealed at 600 oC in O2/Ar (20%/80%) atmosphere for 1 h.
Figure 5.10. Visible Raman spectra of Zn0.98Cu0.02O/quartz film, the film annealed at
600 oC in H2/Ar (2.5%/97.5%) atmosphere for 1 h and the film annealed at 600 oC in
O2/Ar (20%/80%) atmosphere for 1 h.
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Figure 5.11 shows M-H loops of as-prepared and annealed samples. It can be seen
that the saturation magnetization of the sample after annealing in H2/Ar is not
decreased but comparable to that of the as-prepared one. For the Zn0.98Cu0.02O/quartz
film annealed in O2/Ar atmosphere, the saturation magnetization is drastically
decreased from 2.4 emu cm-3 (0.35 μ
B
/Cu) to 0.1 emu cm-3 (0.015 μ
B
/Cu). These
results suggest that oxygen interstitial might not be related with the ferromagnetism in
this ZnO:Cu system.
Figure 5.11. Magnetization versus magnetic field (M-H) loops for as-prepared
Zn0.98Cu0.02O/quartz film, the film annealed at 600 oC in H2/Ar (2.5%/97.5%)
atmosphere for 1 h and the film annealed at 600 oC in O2/Ar (20%/80%) atmosphere
for 1 h.
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Figure 5.12. Variation of saturation magnetization of Zn0.98Cu0.02O film while heated
it at 600 oC in O2/Ar (20%/80%) for 1 h and then in H2/Ar (2.5%/97.5%) at 600 oC for
1 h. The inset shows the corresponding M-H loops. Here, represents the
as-prepared samples, represents the samples heated in O2/Ar and represents
the samples heated in O2/Ar atmosphere and then in H2/Ar atmosphere.
Figure 5.13. Variation of saturation magnetization of Zn0.98Cu0.02O film while heated
it at 600 oC in O2/Ar (20%/80%) for 1 h and then in pure Ar atmosphere at 600 oC for
1 h. The inset shows the corresponding M-H loops. Here, represents the
as-prepared samples, represents the samples heated in O2/Ar atmosphere and
represents the samples heated in O2/Ar atmosphere and then in pure Ar atmosphere.
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In order to further understand the mechanism of ferromagnetism in ZnO:Cu
system, a cycling annealing under O2 and H2 environment alternatively was conducted
for Zn0.98Cu0.02O/quartz film. As shown in figure 5.12, it can be noted that annealing
in O2/Ar (20%/80%) atmosphere results in drastic decrease of saturation
magnetization from 2.4 emu cm-3 to 0.1 emu cm-3. However, a subsequent annealing
under H2 atmosphere recovers the ferromagnetism up to 1.25 emu cm-3 (0.18 μB/Cu).
The corresponding transport properties for these cycling annealed samples are shown
in table 5.4. It can be seen that after annealing under O2/Ar atmosphere, the resistivity
is markedly increased from 0.44 ohm·cm to 1270 ohm·cm, and thus the carrier
concentration decreases to a very low level. (The low carrier concentration is beyond
our system limitation and cannot be detected.) When the annealed sample was
subsequently annealed in H2/Ar, the resistivity was decreased to 0.25 ohm·cm and
carrier concentration was increased to 3.17×1018 cm-3. In addition, a cycling annealing
in O2 environment and subsequently in pure Ar was also carried out for
Zn0.98Cu0.02O/quartz film. Figure 5.13 shows that subsequent annealing under pure Ar
atmosphere can only slightly recover the ferromagnetism. The resistivity was
decreased to 350 ohm·cm, whereas, we still cannot measure the carrier concentration
due to equipment limitation. Similar results to that of ZnO:Cu/quartz films were
obtained when cycle annealing process as shown above was conducted for ZnO:Cu/Si
and ZnO:Cu/sapphire films. These results suggest that hydrogen may play an
important role in the ferromagnetism of ZnO:Cu system.
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Table 5.4. Resistivity, carrier concentration and carrier mobility of Zn0.98Cu0.02O films











Heated in O2/Ar 1270 NA NA
Heated in O2/Ar, and
then in H2/Ar
0.25 -3.17×1018 23.4
Heated in O2/Ar, and
then in pure Ar
350 NA NA
5.5 Ferromagnetism Origin of Cu-doped ZnO Film
From above experimental results, it is noted that ferromagnetism in this
hydrothermally synthesized ZnO:Cu system may be neither related with strain nor
oxygen interstitial, but hydrogen plays a dominant role. This section will give a
detailed discussion about this hydrogen effect.
First, hydrogen treatment at 500 oC does not result in reduction of either Zn2+ or
Cu2+ ions in ZnO lattice. Figure 5.14 (a) shows the symmetry Zn 2p peaks of the ZnO
film at 1021.5 eV and 1044.5 eV and there is no peak shifts, suggesting no Zn ions
with lower ionic states (Zn1+ or Zn0) are present after hydrogen annealing. In figure
5.14 (b), the binding energy of 933.3 eV for symmetric Cu 2p3/2 peak and shake-up
peak at higher energy are characteristic for Cu2+. Therefore, Zn clusters or Cu1+ are
excluded in this study.
144
Figure 5.14. (a) Zn 2p XPS spectra for the as-prepared Zn0.98Cu0.02O films and the
films annealed in H2/Ar (2.5%/97.5%) atmosphere at 500 oC and (b) Cu 2p XPS
spectra for the films annealed in H2/Ar (2.5%/97.5%) atmosphereat 500 oC .
Figure 5.15. O 1s XPS spectra for (a) the as-prepared Zn0.98Cu0.02O films, (b) the
films annealed in O2/Ar (20%/80%) atmosphere and (c) the films annealed in O2/Ar
(20%/80%) atmosphere and subsequently in H2/Ar (2.5%/97.5%) environment.
XPS analysis on O 1s core level may give some information about the existence of
H, because H in ZnO tends to strongly bond with oxygen atoms [27]. Figure 5.15
shows the O 1s XPS spectra for as-prepared and annealed samples. The main peak
centered at 530.2 eV is attributed to the O 1s core level in the ZnO wurtzite structure
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surrounded by the Zn atoms with their full complement of nearest-neighbour oxygen
ions [28]. The peak at higher binding energy around 531.5 eV is associated with
hydroxidic oxygen [29]. The as-prepared film exhibits the ratio of O (hydroxide) : O
(oxide) ~ 2 : 5. For the film annealing under O2/Ar, the hydroxide peak becomes
insignificant. When the annealed sample was subsequently annealed in H2/Ar, the
hydroxide peak is growing to a very larger extent. In this case the peak ratio is
growing up to O (hydroxide) : O (oxide) ~ 2 : 3. Hydroxyl ions have been found to
incorporate into the lattice of hydrothermally synthesized oxides. It has been observed
that IR absorption peak arised from O-H complexes in ZnO after annealing in H2
environment [30] The XPS results confirm the presence of hydrogen, possibly
incorporated in the lattice as hydroxyl groups.
In order to confirm the effect of hydrogen on the magnetic properties of ZnO:Cu,
firstly, we synthesized Zn0.98Cu0.02O powders-like samples via the similar
hydrothermal process and also conducted the similar cycling annealing under O2 and
H2 environment to confirm that the ferromagnetism in ZnO:Cu is related to the
incorporation of hydrogen. The SEM image of the as-prepared Zn0.98Cu0.02O powders
in figure 5.16 (a) shows the typical flower-like ZnO composed of rods. The individual
ZnO rod reveals the regular hexagonal structure. The XRD patterns of as-prepared
powders as well as the ones undergoing cycling annealing are shown in figure 5.16
(b). It indicates that all peaks are corresponding to ZnO hexagonal wurtzite structure
and no secondary phase or metal-related peak can be detected after annealing. Figure
5.16 (c) shows magnetic behavior of the powders after cycling annealing. Similarly,
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annealing in O2/Ar atmosphere of the powders leads to a drastic decrease of saturation
magnetization from 0.0043 to 0.0005 emu g-1. A subsequent annealing of the annealed
powders in H2/Ar recovers the saturation magnetization to 0.0044 emu g-1, almost
same as that of as-prepared powders. From PL spectra in figure 5.16 (d), the crystal
quality is strongly improved after the cycling annealing process.
Figure 5.16. (a) SEM images of Zn0.98Cu0.02O powders prepared by hydrothermal
route with PH=7.5. (b) XRD spectra of Zn0.98Cu0.02O powders while heated in
different atmosphere. (c) Variation of saturated magnetization of Zn0.98Cu0.02O
powders while heated in different atmosphere. The inset in Fig. 7 (c) shows the
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corresponding M-H loops. Here, represents the as-prepared powders,
represents powders heated at 600 oC in O2/Ar (20%/80%) for 1 h and represents
the powders heated at 600 oC in O2/Ar (20%/80%) atmosphere and then in H2/Ar
(2.5%/97.5%) atmosphere at 600 oC for 1 h. (d) Room-temperature PL spectra of
as-prepared Zn0.98Cu0.02O powders and the powders heated at 600 oC in O2/Ar
(20%/80%) atmosphere and then in H2/Ar (2.5%/97.5%) at 600 oC for 1 h.
Secondly, Zn0.98Cu0.02O/quartz film synthesized in the precursor solution with PH
value of 11 was investigated. As shown in figure 5.17, compared with the film
prepared with PH = 7.5, the film synthesized with higher PH value shows higher
RTFM (Ms ~ 3.11 emu cm-3) with enhanced carrier concentration (-3.7×1018 cm-3) and
a similar mobility (11.9 cm2V-1 s-1) (table 5.5). The carrier concentration enhancement
is attributed to H incorporated in ZnO lattice during the hydrothermal synthesis. The
content of H incorporated can be controlled by manipulating the pH value during the
film growth [31]. Therefore, both the results on film samples and powder samples
demonstrate that the incorporation of hydrogen into ZnO lattice plays an important
role in the ferromagnetism of ZnO:Cu system.
Table 5.5. Resistivity, carrier concentration and carrier mobility and saturation
















0.44 -6.78×1017 12.4 2.75
Zn0.98Cu0.02O
（PH=11)
0.30 -3.7×1018 11.9 3.11
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Figure 5.17. Magnetization versus magnetic field (M-H) loops for
Zn0.98Cu0.02O/quartz film prepared in precursor solution with PH value of 11. The
inset shows the SEM image of the film.
With regards to the possible hydrogen effect, Park and Chadi [32] employed first
principles pseudopotential calculations to predict that H can mediate a strong
short-ranged ferromagnetic spin-spin interaction between neighboring TM impurities
through the formation of a bridge bond. Lee et al. [33] have experimentally shown
that the robust ferromagnetism of ZnCoO after hydrogenated in Ar/H2 mixed gas is
due to the enhancement of ferromagnetic spin-spin interaction in the H-Co coupling.
In addition, it is well documented that when the introduction of H into ZnO from a H2
ambient is carried out at elevated temperature, stable carrier are generated [34]. Park
et al. [35] have found that the H-induced carriers play important roles for the
magnetic properties of hydrogenated ZnMnO films. Furthermore, Goh et al. [27, 36]
found that hydrogen are incorporated into the lattice of hydrothermally synthesized
oxides as hydroxyl ions. Zhang et al. [37] have hydrothermally prepared epitaxial
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ZnCoO films with room-temperature ferromagnetism which is attributed to hydrogen
unintentionally incorporated in the aqueous route by enhancing carrier concentration
as a shallow donor. In view of above factors, the incorporation of hydrogen into ZnO
lattice is the dominant effect on the enhancement of ferromagnetism in our ZnO:Cu
system. The incorporation of hydrogen may either act as bridge bond for Cu ions to
enhance their spin-spin interaction or provide electron carriers to mediate room
temperature ferromagnetism. The exact mechanism still needs further investigation.
However, the interesting results related with hydrogen fostered me to pay more
attention on hydrogen tailored ZnO properties, which will be detailedly discussed in
Chapter 6 and 7.
5.6 Summary
In summary, highly-textured n-type Cu-doped ZnO films (ca. 1.2 μm) with high
room-temperature ferromagnetism (2.75 emu cm-3) were synthesized by a
hydrothermal route using PLD-derived ZnO seed layers. The structural study revealed
that microstructure and surface morphology of hydrothermally grown films are
dependent on the (002) texture of PLD-derived seed layers on different substrates.
Better c-oriented seed layers are favourable to the formation of continuous and
smooth films.
In order to understand the origin of ferromagnetism in ZnO:Cu, the
hydrothermally as-prepared films and powders were performed annealing under
different atmospheres. When annealed in H2/Ar (2.5%/97.5%) at 600 °C for 1h, the
saturation magnetization of Cu-doped ZnO samples is not decreased but comparable
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to that of the as-prepared ones, while the crystal quality is strongly improved. When
annealed in O2/Ar (20%/80%), the saturation magnetization is drastically decreased
despite presence of considerable amount of structural defects. These results suggested
that ferromagnetism in ZnO:Cu is not mainly related with oxygen interstitial. In
addition, cycling annealing under O2 and H2 (pure Ar) environment alternatively
conducted for ZnO:Cu and corresponding transport properties further confirmed the
hydrogen effect on ferromagnetism of ZnO:Cu system. The XPS results confirmed the
presence of hydrogen, possibly incorporated in the lattice as hydroxyl groups. In view
of all above factors, it is concluded that the ferromagnetism of this ZnO:Cu system is
mainly due to the incorporation of hydrogen in ZnO lattice, which may either act as
bridge bond for Cu ions to enhance their spin-spin interaction or provide electron
carriers to mediate the room temperature ferromagnetism. The exact mechanism still
needs further investigation. However, the interesting results related with hydrogen
fostered me to pay more attention on hydrogen tailored ZnO properties, which will be
detailedly discussed in Chapter 6 and 7.
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CHAPTER 6: Effect of Hydrogen on ZnO Ferromagnetism
6.1 Introduction
Making a nonmagnetic semiconductor ferromagnetic is one of the most important
issues in magnetism community [1]. ZnO is a promising diluted magnetic
semiconductor because it could exhibit room temperature ferromagnetism [2].
Recently, motivated by several notable results that hydrogen can be inevitably
introduced into ZnO lattice during crystal growth or device processing [3-5], the study
of hydrogen (H) effect in ZnO has become another pertinent issue and triggered a
flurry of research activity. On the other hand, researchers have intentionally
incorporated hydrogen into ZnO to tailor its magnetic, electrical, optical and structural
properties [6-9]. The presence of hydrogen has been found to increase magnetization
in transition-metal doped ZnO [10-14]. Furthermore, the interesting results related
with hydrogen effect discussed in Chapter 5 triggered me to pay more attention on
hydrogen tailored ZnO magnetic properties by intentionally introducing hydrogen into
ZnO lattice.
In this chapter, in order to exclude the influence of dopants first, I started the
research work based on undoped ZnO. Furthermore, ZnO doping with Cu is a
particular interesting system in ZnO-based DMS community [15]. This is mostly
because neither metallic copper nor its compounds are ferromagnetic, and thus
excluding any possibility of FM originating from the presence of precipitates,
clustering or secondary phase. There has been an emerging consensus that FM of
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ZnO-based DMS is dependent on fabrication conditions and defects may play a
crucial role in the FM. Herng et al [16] in our research group reported that Cu-doped
ZnO films deposited by PLD system under an oxygen-deficiency atmosphere (oxygen
partial pressure of 5×10-6 torr) exhibit room temperature FM. The FM was attributed
to the presence of defective oxygen vacancies and Cu ions. It proposed that the
localized magnetic moments of the V
O
-coupled Cu ions [d10 (Cu1+ -like) states] are
aligned through mediation of the V
O
orbitals, resulting in ferromagnetic ordering.
Hydrogen annealing could result in increased amount of oxygen vacancies in ZnO
lattice and thermal reduction of Cu2+ ions to lower ionic state might also occur.
Therefore, it is possible to further enhance the FM of the Cu-doped ZnO films via
defect engineering by a hydrogenation process.
This Chapter mainly comprises the following two parts. First, hydrogenated ZnO
films with room temperature ferromagnetism via heat treatment in H2 environment
and the ferromagnetic origin are theoretically and experimentally investigated (section
6.3). Second, hydrogen-enhanced ferromagnetism of hydrogenated Cu-doped ZnO
films is figured out (section 6.4).
6.2 Experimental
6.2.1 Thin Film Fabrication: Pulsed Laser Deposition (PLD)
Pulsed laser deposition (PLD) is a typical physical vapor deposition (PVD)
technique for thin film deposition. Its simplicity and versatility especially make it an
excellent alternative to other expensive and complex techniques for high-quality oxide
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thin film deposition, such as molecular beam epitaxy (MBE). The detailed striking
advantages of PLD include excellent controllability of the film composition,
reproduction of lower cost, target stoichiometry, relatively high growth rate, less film
contamination, wide range of background gas and simplicity of various material
coating etc. So far, PLD has found a surging number of applications in both thin film
research and semiconductor industry.
Figure 6.1. Schematic diagram of PLD system set-up.
Figure 6.1 illustrates the set-up of PLD equipment. The PLD system mainly
consists of a vacuum chamber, rotating target holders, substrate holders, mechanical
and molecular pumps, an excimer laser source and guiding optics. The typical
working process of the instrument: a high-power excimer laser beam is introduced
into the chamber and ablates the surface of the target material, resulting in the
evaporation of the source material from the target surface. The plasma plume
comprising the vaporized material is then deposited on the substrate, thus producing a
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film with identical composition as the target surface. This process can be conducted
either in high vacuum or in a background gas environment, such as oxygen
atmosphere for fully oxygenating the deposited films when fabricating oxide films. A
set of guiding optics are used to achieve a highly focused and uniform laser beam,
which is essential for high-quality film deposition. The PLD system used in this
project is equipped with a KrF excimer laser with the wavelength of 248 nm. (Lamda
Physik Compex 205). The vacuum chamber is pumped by a turbomolecular pump
(UMU520H) and a MD4 membrane pump (oil-free roughing). The gas pressure inside
the chamber is measured by a cold cathode vacuum gauging (1×10-10 Torr ~ 10-3 Torr).
The substrate temperature is controlled by a heater attached on the substrate holder
with the temperature ranging from room temperature to ~ 800 oC.
In this project, ZnO and Cu-doped ZnO thin films with different film thickness,
Cu concentration and substrates were deposited by PLD at certain O2 partial pressure
and deposition temperature. Thereinto, the substrates with small size (1 cm x 1 cm)
were used in order to achieve the homogeneous thickness. The targets were prepared
from powders of CuO and ZnO. They were first well grounded together and pressed
using a standard mold. The pressed targets were subsequently sintered at 1000 oC for
12 hours in an open furnace.
6.2.2 Hydrogenation Process
The hydrogenation process was conducted in a tube furnace, as illustrated in
figure 6.2. The as-deposited sample was placed at the center of the tube furnace. A gas
flow of Ar 95%-H2 5% with a flow rate of 35 standard-state cubic centimeter per
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minute (sccm) was introduced into the furnace. The system was heated to the
temperature ranging from room temperature to 500 oC for certain duration and then
naturally cooled down to room temperature. A long-time pre-flow of the mixed gas
should be carried out before heating the system in order to fully fill the tube with the
working gas.
Figure 6.2. Set-up of tube furnace for hydrogenation process.
6.3 Surface Ferromagnetism in Hydrogenated ZnO Film
6.3.1 Experimental
Highly textured (001) ZnO films (20 ~ 450 nm) were fabricated by PLD on
sapphire (001) substrates at 600 °C at oxygen partial pressure of 1×10-5 Torr. Thicker
ZnO films (ca. 1 μm) were synthesized by the hydrothermal route as described in
Chapter 3. In order to eliminate native defects, these as-deposited samples were first
annealed in pure O2 atmosphere at 500 °C for 1 hour (h). Hydrogenation process was
then conducted by an hour of Ar 95%-H2 5% ambient annealing to introduce H into
ZnO films. Reduction occurs after annealing at 600 °C. As saturation magnetization
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(Ms) reaches a plateau at 200 ~ 300 °C, a systematic study on samples annealed up to
500 °C was carried out in this study. For dehydrogenation, several hydrogenated-ZnO
films were annealed in pure Ar (99.9999%) at 500 °C. The structural properties were
studied by X-ray diffraction (XRD) and X-Ray photoelectron spectroscopy (XPS).
The magnetic properties were characterized by a superconducting quantum
interference device (SQUID) at 300K. Following the experimental investigation,
computational work was carried out using first-principle calculations, which will be
detailedly described in section 6.3.4.
6.3.2 Structural Characterization of Hydrogenated ZnO Film
Figure 6.3. θ–2θ XRD patterns of as-deposited ZnO film and the film annealed in
95% Ar-5% H2 atmosphere at 500 °C for 1 h. The inset is off-axis Φ-scan for (101)
plane of ZnO film.
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Figure 6.4. XPS spectra of Zn 2p peaks for as-deposited ZnO film and the film
annealed in 95%Ar-5% H2 atmosphere at 500 °C for 1 h.
Figure 6.3 shows typical XRD spectra of as-deposited and hydrogenated-ZnO
films. The as-deposited ZnO film exhibits a highly textured (002) orientation. The
off-axis φ-scan for (101) planes of ZnO shown in inset of fiure 6.3 shows that the
ZnO/sapphire films exhibit peaks with six-fold symmetry corresponding to the
wurtzite structure, indicating the presence of epitaxial in-plane alignment. After
annealed in hydrogen atmosphere at 500 oC for 1 h, there is no change in structure and
no secondary phase or metal-related peak were detected in the hydrogenated samples.
Furthermore, figure 6.4 shows the symmetric Zn 2p peaks of the ZnO film at 1021.5
eV and 1044.5 eV and there is no peak shifts after hydrogen treatment, suggesting no
Zn ions with lower ionic states (Zn1+ or Zn0) are present after hydrogenation.
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6.3.3 Ferromagnetism of Hydrogenated ZnO Film
Figure 6.5. (a) Ms in dependence of H2-annealing temperature of 300 nm thick ZnO
films; (b) thickness dependence of Ms after annealing in Ar-H2 at 500 °C for 1 h.
Figure 6.5 (a) shows the measured magnetic moment [per volume (emu cm-3),
right axis; per area (emu cm-2), left axis] of the 300 nm thick hydrogenated-ZnO as a
function of annealing temperature. Prior to H2 annealing, all ZnO films are
nonmagnetic. The room temperature ferromagnetism appeares when annealing
temperature is above 100 °C. The areal Ms reaches a plateau (~1.1×10-5 emu cm-2)
beyond 200 °C. No ferromagnetism is found after annealing at 50 °C, indicating that
ambient condition (room temperature and a H2 concentration in air in the order of 10-4
vol%) is unlikely to induce ferromagnetism due to H2 adsorption. Figure 6.5 (c)
shows thickness dependence of the measured magnetic moment [per volume, right
axis; per area, left axis] of hydrogenated-ZnO films annealed at 500 °C. It is obvious
that volume magnetization decreases with increasing thickness. In sharp contrast, the
areal magnetization is insensitive to its thickness. This is a strong indication that the
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observed ferromagnetism originates from surface magnetization. It might be attributed
to hydrogen atoms at the surface of ZnO.
Figure 6.6.Magnetization versus cycling annealing process. The process is, annealing
as-deposited 300 nm-thick film (ZnO) in Ar-H2 at 500 °C for 1 h (1st ZnO:H) followed
by a prolonged pure Ar annealing at 500 °C (ZnO:H~Ar), and subsequently
conducting the 2nd hydrogenation process (2nd ZnO:H). The insets are corresponding
M-H loops.
Additionally, heat treatment in oxygen-deficient atmosphere (hydrogen and Ar
ambient in our case) may result in formation of other defects such as oxygen vacancy
(Vo) or/and reduction of Zn2+ to Zn0 (Zn clusters formation). These defects could also
lead to ferromagnetism. We thus annealed another batch of as-deposited ZnO film in
Ar ambient at 500 oC, and no FM is observed. Moreover, it is noted that
hydrogenated-ZnO lost its ferromagnetism after a subsequent prolonged annealing at
500 °C in Ar, as shown in figure 6.6. Ar annealing may cause hydrogen evaporation,
but cannot remove VO. As mentioned in section 6.3.2, the XPS measurement shows
that Zn 2p peaks retain their +2 state in hydrogenated-ZnO. Thus, it is reasonable to
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exclude the possibility of Zn cluster formation in the films. The Ms of this sample is
recovered to the level of 1x10-5 emu cm-2 after 2nd hydrogenation process (figure 6.6).
Therefore, H plays a crucial role in the FM in hydrogenated-ZnO film. The results also
point out that the FM ordering could be switched between “on” and “off” states
through hydrogenation and Ar annealing process, respectively.
Figure 6.7. O 1s XPS spectra for (a) the as-deposited ZnO film, (b) the film annealed
in Ar-H2 at 50 oC, (c) the film annealed in Ar-H2 at 500 oC; and (d) the film annealed
in Ar-H2 atmosphere at 500 oC and subsequently in pure Ar at 500 oC.
H in ZnO tends to strongly bind with oxygen atom, forming an O-H bond [6].
XPS analysis in figure 6.7 shows the O 1s core level of our samples. The main peak
centered at 530.2 eV is attributed to the O 1s core level in wurtzite ZnO. The shoulder
at around 531.5 eV is associated with hydroxidic [9]. This ubiquitous weak hydroxide
shoulder in as-deposited ZnO [figure 6.7 (a)] is probably due to inevitable existence
of H during crystal growth process and absorption of OH groups when exposed in air.
If conducting hydrogenation process at 50 oC which results in nonmagnetic state, the
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hydroxide peak remains the same level as that of the as-deposited one [figure 6.7 (b)].
In contrast, for ferromagnetic hydrogenated-ZnO undergoing a hydrogenation process
at 500 oC [figure 6.7 (c)], the hydroxide peak becomes prominent. Figure 6.7 (d)
shows that the hydroxide peak decreases significantly after subsequent prolonged Ar
annealing at 500 oC. The XPS studies above suggest that a considerable amount of
OH exist at the ZnO surfaces after H2 annealing at elevated temperatures.
Figure 6.8. Variation of Ms when the hydrogenated-ZnO film is dipped into a diluted
solution (PH ≈ 6).
To confirm this surface magnetism effect, an experiment was designed to try to
use a solution with slightly higher H+ concentration to remove these OH attachments.
The solution used here is a quite diluted one with PH ≈ 6 (prepared from a diluted
HCl solution). After a quick immersion for 1 second (s), the areal Ms of the
hydrogenated film is drastically decreased, as shown in figure 6.8. XRD spectra tell
that no structure change or impurity-related peak can be detected after the quick
dipping. There is no visible difference for Raman spectra. Besides, the surface
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morphology studied by SEM shows almost no etching feature after an immersion for
even up to 10 s. Therefore, this short time dipping in the diluted solution might
mainly affect the OH groups existed. In contrast, the immersion in a solution with
higher OH- concentration (PH ≈ 8 prepared from diluted NaOH solution) did not
change the Ms after a dipping up to 10 s.Therefore, these experiments may suggest the
presence of OH groups which may lead to the ferromagnetism.
6.3.4 Ferromagnetism Origin - First-principles Calculation
Next, first-principles calculation was carried out. The calculation is based on
Density Functional Theory (DFT) as implemented in Vienna ab initio simulation
package (VASP) code, using projector augmented wave (PAW) potential for
electron-ion interaction and generalized gradient approximation (GGA-PW91) for
electron exchange and correlation. Native defects are modelled with periodic
supercells consisting of 3×3×2 wurtzite ZnO unit cells, and a k-point grid of 3×3×2.
ZnO surfaces are modelled with slabs of at least 10 Å separated by vacuum space of
at least 10 Å and a k-point grid of 7×7×1. Each slab consists of 8 atomic layers. The
other surface is terminated using pseudo H to simulate bulk. All atoms in the models
are fully relaxed.
In our calculation, various hydrogen-incorporated structures are examined,
including substitutions in bulk, interstitials in bulk and surface termination. The
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µ the chemical potential of the corresponding atom. For native
defects, hydrogen chemical potential µH is given by the energy of H in an H2 molecule.
For OH attachment, µOH is given by the energy of OH molecule in an 8Å × 8Å × 8Å
unit cell. As expected, undoped wurtzite ZnO is nonmagnetic. It is observed that
interstitial H in bulk always bonds covalently to O. Simple substitutional defects in
bulk are nonmagnetic and high in formation energies (~ 6 eV). Of these, OHO, in
which an oxygen site is occupied by an OH, is the most stable. It is found that OHO
coupled with a zinc vacancy VZn can exhibit a magnetic moment of 1.00 µB. However,
the formation energy is also high (~ 3 eV), as shown in table 6.1.
Table 6.1. Calculated formation energy and magnetic moment of possible H-related
species in ZnO.






OHO + Vo 7.20 No
OHO + VZn 3.28 1.00 μB
Surface Defects
OH termination -2.97 0.30 μB per OH
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OH termination at ZnO (001) surface is then considered. An oxygen-terminated
(001) surface fully covered by H is considered. Surprisingly, this structure
energetically favors a magnetic ground state with a magnetic moment of 0.30 µB per
OH. The ferromagnetic state has a formation energy which is 0.25 eV below that of
antiferromagnetic (or nonmagnetic) state per OH. As shown in figure 6.9 (c), the spin
density is localized in the surface layer which is in agreement with our experimental.
Interestingly, among the many OH-terminated surfaces sampled, this particular
arrangement of OH molecules on a (3×3) surface, belonging to the p31m 2D space
group, has the lowest formation energy. (Other configurations of OH-terminated
surfaces show the formation energy at least 0.1 eV higher than the most stable one
and two examples of them are shown in figure 7.10.) Here, every three OH molecules
point around a hexagonal ring, as shown in figure 6.9 (a). The (3×3) surface is
subsequently stabilized by 6 such rings and it takes the advantage of the 3-fold
symmetry of ZnO (001) surfaces. We also considered other surface structures and
magnetic configurations such as antiferromagnetic (AFM) states formed on (2×2)
surface structures. But their formation energies are higher than that of the structure in
figure 6.9 (a). This is because surface stability is determined mainly by its atomic
structure and magnetic energy plays a relatively minor role.
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Figure 6.9. Diagram (a) shows the charge density of a particular (3×3) OH-terminated
ZnO (001) surface superposed with the p31m symmetry of the OH arrangement.
Diagram (b) shows the spin density of the same surface and diagram (c) shows the
spin density as viewed from the side, i.e. [100] or [010] directions. In diagram (a), the
yellow colour represents electron charge density. In diagrams (b) and (c), it represents
spin density.
Figure 6.10. Examples of configurations of other OH-terminated surfaces with higher
formation energy.
Besides, this (3×3) slab model is also strongly magnetic (0.30 µB per OH) which
indicates the dominance of ferromagnetic coupling between magnetic moments of
neighboring OH units. For every OH, the different AFM configurations are at least 0.3
eV higher in energy than its ferromagnetic counterpart, allowing for room temperature
ferromagnetic. When a third of the OH molecules are randomly removed from the
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ferromagnetic OH surface, the ring-like symmetry in figure 6.9 (a) is disrupted and
the anti-ferromagnetic state dominates instead. It is concluded that a sufficient OH
concentration must be retained for ferromagnetic coupling to persist.
Based on our calculations, it is proposed that the mechanism responsible for
ferromagnetism at OH-terminated ZnO surfaces is due to O being sp2 hybridised at
the surface, instead of being sp3 hybridised as in the bulk. In bulk undoped ZnO, each
O sp3 orbital is degenerate and fully filled such that there is no unpaired electron to
produce a net magnetic moment. For each sp3 orbital, O contributes a quarter of its 6
valence electrons while Zn contributes a quarter of its 2 valence electrons. In other
words, O contributes 1 ½ electrons per orbital while Zn contributes ½. At the surface,
however, O is sp2 hybridised. The three degenerate sp2 orbitals are fully filled by 6
electrons, of which 1 electron is contributed by H, ½ by Zn and 4 ½ (= 6 – 1 – ½) by
O itself. O, which has a total of 6 valence electrons, fills up the unhybridised p-orbital
with its remaining 1 ½ electrons. ½ electron spin remains unpaired. From figure 6.9
(c), it is noted that the spin density occupies a p-shaped orbital, which lies
perpendicular to the OH bond (which is, in turn, mediated by an sp2 orbital).
Hybridised sp2 orbitals lie perpendicular to the unhybridised p orbital.
In one word, the origin of ferromagnetism in hydrogenated ZnO is due to the
unpaired magnetic moment of electrons occupying the O 2p orbital at the surface.




In summary, it is demonstrated that ferromagnetic ordering could be switched
between “on” and “off” states by introducing (via hydrogenation) and removing (via
subsequent annealing in Ar) OH attachment to ZnO surface, respectively. The
experimental observations shows that the areal saturation magnetization of
hydrogenated-ZnO is insensitive to thickness of films, thus suggesting a surface
magnetism (2D ferromagnetism). H in the bulk does not contribute to ferromagnetic
ordering. OH-terminated ZnO surface has the lowest formation energy of -2.97 eV
with a magnetic moment of 0.30 μB per OH, as confirmed by first-principles
calculation. The symmetry of this OH surface belongs to the p31m two-dimensional
space group. Insufficient surface OH concentration may result in antiferromagnetism.
It is proposed that this surface magnetism is due to unpaired electron spin in the O 2p
orbital at the surface of ZnO.
6.4 Ferromagnetism in Hydrogenated Cu-doped ZnO Film
6.4.1 Experimental
Highly textured (001) undoped ZnO and Cu-doped ZnO (Cu:ZnO) thin films
[with 2 at% of Cu and different thickness (50 ~ 480 nm)] were fabricated on X-cut
quartz (110) substrates by PLD at 350 °C under an oxygen partial pressure of 5×10-6
torr. The hydrogenation process was conducted by an hour (h) of Ar 95%-H2 5%
ambient annealing (from room temperature to 500 °C). It is noted that reduction of
ZnO occurs and thinner film tends to be completely etched by H2 above 600 oC. Thus
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we have carried out a systematic study on samples annealed up to 500 °C in this study.
For better understanding, several hydrogenated films were selected for subsequent
pure Ar (99.9999%) or O2 (99.9999%) annealing treatment. The structural properties
of samples were studied by XRD and Raman spectroscopy. XPS was used in the study
of the film composition and ionic states. The magnetic properties of the samples were
characterized by SQUID.
6.4.2 Structural Characterization of Hydrogenated Cu-doped ZnO Film
Figure 6.11. θ–2θ XRD patterns of as-deposited 2% Cu: ZnO film (50 nm) and the
film annealed in 95%Ar-5% H2 atmosphere at 500 °C for 1 h.
Figure 6.11 shows typical XRD spectra of as-deposited and hydrogenated Cu:ZnO
films, both of which exhibit prominent c-axis (002) texture. It is noted that there is no
secondary phase or/and metal-related peak were detected in either as-deposited or
hydrogenated samples.
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6.4.3 Ferromagnetism of Hydrogenated Cu-doped ZnO Film
Figure 6.12. (a) Ms in dependence of H2-annealing temperature of ZnO film (upper)
and 2% Cu-doped ZnO film (bottom) with a constant thickness of 50 nm. (c) Film
thickness dependence of areal Ms for ZnO film (upper) and 2% Cu-doped ZnO film
(bottom) after H2 annealing at 500 °C for 1 h.
Figure 6.12 (a) shows the measured magnetic moment of the 50 nm thick
hydrogenated ZnO (upper) and Cu:ZnO (bottom) films as a function of annealing
temperature. With regard to undoped ZnO films, all as-deposited ones are
nonmagnetic. The room temperature FM appears in these hydrogenated ZnO films
when the annealing temperature is above 100 °C and the saturation magnetization (Ms)
reaches a plateau (~2 emu cm-3) beyond 200 °C. Similar as that discussed in section
6.3, the FM might be attributed to H atoms at the surface of ZnO resulting from the
hydrogen treatment. The saturation of the surface sites occupying H atoms leads to the
Ms plateau at certain temperature. In contrast, Ms of hydrogenated Cu:ZnO films
shows a different behaviour in response to the annealing temperature. Prior to H2
annealing, 2% Cu:ZnO film with the thickness of 50 nm exhibits FM with a Ms of
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~1.65 emu cm-3 (0.3 μ
B
/Cu). H2 treatment could gradually enhance the Ms with
increasing annealing temperature, and especially when the temperature is up to 500 oC,
the Ms reaches ~11.7 emu cm-3 (1.5 μB/Cu). The different responses of Ms to H2
annealing temperature between ZnO and Cu:ZnO suggest that the enhancement of Ms
in hydrogenated Cu:ZnO might possess a different origin.
The film thickness dependence of the measured magnetic moment (per area, emu
cm-2) of hydrogenated ZnO (upper) and Cu:ZnO (bottom) films was then conducted
with a fixed annealing temperature of 500 °C, as shown in figure 6.12 (b). It is
obvious that the areal magnetization (Msa) for hydrogenated ZnO film (1×10-5 emu
cm-2) is insensitive to its thickness. This is a strong indication that the observed FM
originates from surface magnetization, in consistent with the result presented in
section 6.3, which theoretically and experimentally confirmed that OH-terminated
ZnO surface belonging to the p31m two-dimensional space group has the lowest
formation energy of -2.97 eV and a magnetic moment of 0.30 μB per OH due to
unpaired magnetic moment of electrons occupying O 2p orbital. In sharp contrast, for
Cu:ZnO films undergoing the hydrogenation process, the areal magnetization is
decreased with increasing thickness. Moreover, the Msa value is 1.5 ~ 6 times higher
than that of the hydrogenated undoped ZnO film. Especially, Cu:ZnO thin film (50
nm) tends to experience large ferromagnetism enhancement in response to H2
(~5.8×10-5 emu cm-2). Therefore, it indicates that the surface magnetization is not the
dominant factor for the FM enhancement after hydrogenation, but Cu dopants may
play an important role. Furthermore, hysteresis loops conducted at 5 K and 300 K for
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hydrogenated Cu:ZnO film (50 nm) shown in figure 6.13 confirm the ferromagnetic
coupling.
Figure 6.13. The M-H loops for hydrogenated 2% Cu-doped ZnO film (50 nm) at 5 K
and 300 K.
6.4.4 Ferromagnetism Origin of Hydrogenated Cu-doped ZnO Film
Figure 6.14. (a) O 1s XPS spectra for as-deposited 2 % Cu-doped ZnO film, the film
annealed in Ar- H2 atmosphere at 500 oC and the film subsequently annealed in Ar or
O2 atmosphere. (b) Cu 2p XPS spectra for as-deposited 2 % Cu-doped ZnO film, the
film annealed in Ar-H2 atmosphere at 500 oC and the film subsequently annealed in O2
atmosphere.
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To have a better insight on the origin of FM for hydrogenated Cu:ZnO film, XPS
and Raman were carried out to detailedly investigate the change of structural
properties, chemical composition and ionic state in the samples (50 nm). It is firstly
noted that similar as that shown in figure 6.4, Zn 2p peaks of hydrogenated Cu:ZnO
films retain their +2 state after hydrogenation process at 100 ~ 500 °C. Thus, it is
reasonable to exclude the possibility of Zn cluster formation in the films. Second, as
H in ZnO tends to strongly bind with oxygen atom (O-H bond) [3], the O 1s XPS
spectra of the samples in figure 6.14 (a) were analyzed. It is known that the main peak
centered at 530.2 eV is attributed to the O 1s core level in wurtzite ZnO and the
shoulder at around 531.5 eV is associated with hydroxidic oxygen [9]. Here, the
ubiquitous weak hydroxide shoulder (531.5 eV) in as-deposited Cu:ZnO is probably
due to the OH absorption when the sample is exposed in air and/or inevitable
existence of H during crystal growth process. For Cu:ZnO undergoing a
hydrogenation process at 500 oC, the hydroxide peak became prominent, indicating
considerable amount of OH groups at the surface. This hydroxide peak could be
significantly decreased to the same level as the as-deposited sample after the
subsequent prolonged annealing in Ar or O2 atmosphere at 500 oC. In one word, a
large number of OH exist at the Cu:ZnO surfaces after H2 treatment at elevated
temperatures and could be removed via a subsequent Ar or O2 annealing. Section 6.3
showed that the undoped ZnO film shows similar viariation in O 1s XPS spectra, as a
result of which, ferromagnetic ordering of hydrogenated ZnO could be switched off
by removal of OH attachment through subsequent Ar or O2 annealing process (as
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shown in figure 3). This is because insufficient surface OH concentration may result
in antiferromagnetism and/or paramagnetism [11]. However, figure 6.15 tells that
subsequent Ar annealing can only slightly suppress the FM of hydrogenated Cu:ZnO.
It suggests that there might be another chief origin of FM in hydrogenated Cu:ZnO
apart from OH groups.
Next, a close inspection of XPS for Cu 2p was conducted. It is known that the




states are ~932.5 eV and ~933.3 eV,
respectively [16]. As shown in figure 6.14 (b), the binding energy of Cu 2p
3/2
in
as-deposited film is ~932.9 eV which falls between the corresponding binding energy
of Cu1+ and Cu2+. It thus suggests that the as-deposited film may exhibit a mixed Cu1+
and Cu2+ states which might be due to its preparation process under a low oxygen
partial pressure (5×10-6 torr). After hydrogenation process, the Cu 2p
3/2
peak shifts to
lower binding energy (~932.4 eV) and thus Cu1+ state is dominant in hydrogenated
samples with enhanced FM. It has been reported that Cu impurities in Cu:ZnO film
prepared under an oxygen-deficient condition may carry a mixed d9 (Cu2+ -like) and
d
10 (Cu1+ -like) states due to the strong influence of oxygen vacancies (V
O
) on regular
Cu2+ ions [16]. It proposed that the localized magnetic moments of the V
O
-coupled Cu
ions are aligned through mediation of the V
O
orbitals, resulting in ferromagnetic
ordering in Cu:ZnO. In our case, H2 treatment may introduce more VO into the lattice
and further reduce regular Cu2+ ions to lower ionic state Cu1+.
The Raman spectra comparison of as-deposited Cu:ZnO film and the
hydrogenated film in figure 6.16 shows a significant enhancement of A1(LO) mode,
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which manifests the increasing amount of defective V
O
or/and Zn interstitial states
after H2 annealing. Therefore, it is reasonable to attribute the enhancement of FM in
hydrogenated Cu:ZnO to the increasing amount of Cu1+ -like state and V
O
in the film.
Figure 6.15. Magnetization versus cycling annealing process for ZnO and 2%
Cu-doped ZnO films. The process is, annealing as-deposited ZnO/Cu:ZnO in Ar-H2 at
500 oC for 1 h followed by a prolonged annealing at 500 oC in pure Ar or pure O2
atmosphere.
Figure 6.16. Raman spectra for as-deposited 2 % Cu-doped ZnO film, the film
annealed in Ar-H2 atmosphere at 500 oC and the film subsequently annealed in Ar or
O2 atmosphere.
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Additionally, as shown in figure 6.15, subsequent annealing the hydrogenated
Cu:ZnO in O2 atmosphere leads to drastic decrease of FM. Oxygen annealing can
reduce the V
O
level significantly [13]. The corresponding Cu 2p XPS spectra and
Raman spectra also show the oxidation of Cu1+ species and the vanishing of
V
O
-related A1(LO) signal. In this case, the Cu ions lack a proper coupling channel and
thereby lose the FM [16]. These results further confirm the importance of the
coexistence of sufficient Cu1+-like states and V
O
in FM of Cu:ZnO films. Hydrogen
treatment is an efficient way to tune the FM of this Cu:ZnO system via defect
engineering.
6.4.5 Summary
In summary, we have observed enhanced ferromagnetism in Cu-doped ZnO films
after hydrogen treatment at 500 oC. After the hydrogenation process, the M
s
of 2 at%
Cu-doped ZnO film (50 nm) is significantly increased from ~1.65 emu cm-3 (0.3
μ
B
/Cu) to ~11.7 emu cm-3 (1.5 μ
B
/Cu). Unlike the areal M
s
of hydrogenated undoped
ZnO which is insensitive to film thickness, the areal M
s
of hydrogenated Cu-doped
ZnO is decreased with increasing thickness, thus suggesting that Cu dopants play
dominant roles apart from surface magnetism induced by OH attachment. It is
demonstrated that hydrogen treatment may further introduce more Cu (Cu1+ -like)
impurities and oxygen vacancies that coupled with each other, resulting in strong
ferromagnetic ordering. It thus provides one efficient way to tune the magnetic
properties of Cu-doped ZnO through defect engineering.
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6.5 Summary
In summary, hydrogen effect on ferromagnetism of undoped and Cu-doped ZnO
was investigated by conducting a Ar-H2 annealing process.
First, it was observed that ferromagnetic ordering of undoped ZnO could be
switched between “on” and “off” by introducing (via hydrogenation) and by removing
(via subsequent annealing in Ar or O2) OH attachment on ZnO surface, respectively.
Our experimental observations showed that the areal saturation magnetization of
hydrogenated-ZnO (~1.1×10-5 emu cm-2) is insensitive to thickness of films, thus
suggesting a surface magnetism (2D ferromagnetism). The detailed investigation
(XPS and surface etching) attributed the observed ferromagnetism to OH-terminated
ZnO surface after hydrogenation process. First-principles calculations was also
carried out in order to have a further insight on the origin of the observed FM and the
calculations strongly supported our experimental results. It confirmed that the
presence of hydrogen elements in bulk does not contribute to any ferromagnetic
ordering. It also determined that OH-terminated ZnO surface has the lowest formation
energy of -2.97 eV with a magnetic moment of 0.30 μB per OH. The symmetry of this
OH surface belongs to the p31m two-dimensional space group. Insufficient surface
OH concentration may result in antiferromagnetism. Based on the calculations, we
propose that this surface magnetism arises from unpaired electron spin in
unhybridised O 2p orbital at the surface.
In the case of Cu-doped ZnO films, enhanced ferromagnetism was observed after
hydrogen treatment at 500 oC. The as-deposited 2 at% Cu-doped ZnO film (50 nm)
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(by PLD system under an oxygen-deficiency atmosphere) exhibits a Ms ~1.65 emu
cm-3 (0.3 μ
B
/Cu). This is comparable to the previous result of our research group,
which proposed that the observed FM is due to the alignment of localized magnetic
moments of the V
O
-coupled Cu ions [d10 (Cu1+ -like) states] through mediation of the
V
O
orbitals. After the hydrogenation process, the Ms is significantly increased to ~11.7
emu cm-3 (1.5 μ
B
/Cu). It was found that unlike the areal Ms of hydrogenated undoped
ZnO which is insensitive to film thickness, the areal Ms of hydrogenated Cu-doped
ZnO is decreased with increasing thickness, thus suggesting that Cu dopants play
dominant roles apart from surface magnetism induced by OH attachment. It was
demonstrated that hydrogen treatment may further introduce more Cu (Cu1+ -like)
impurities and oxygen vacancies that coupled with each other, resulting in strong
ferromagnetic ordering. It thus provides one efficient way to tune the magnetic
properties of Cu-doped ZnO through defect engineering.
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CHAPTER 7: Effect of Hydrogen on ZnO Luminescence
7.1 Introduction
As mentioned in Chapter 1, obtaining strong and thermally stable green emission
has stimulated considerable interest in optoelectronic applications. ZnO is particularly
attractive that it not only emits UV emission but the green emission is commonly
observed. However, most of reported strong green emission is associated with ZnO
nanostructures in forms of nanoshells, nanotetrapods, nanorods, nanowires,
nanoneedles and nanoparticles [1-5] rather than thin films. This situation therefore
hampers practical applications of ZnO on novel optoelectronic devices, such as light
emitting diode (LED). As ZnO is an economic, non-toxic and environment-friendly
material, the realization of ZnO-based light-emission device may have a significant
impact. Additionally, the origin of green emission in ZnO is still an open and
controversial question. Several different hypotheses of green emission include ionized
oxygen vacancies, antisite oxygen (O
Zn
), oxygen vacancies (V
O
) and zinc interstitial
(Zn
i
), zinc vacancies (V
Zn
), Cu impurities, surface defects and donor-acceptor
transitions [6-10].
In this project, when introducing hydrogen into ZnO via a heat treatment, it not
only induces the ferromagnetism in ZnO (as described in Chapter 6), but also results
in a thermally stable, chemically stable and ultra strong green emission with
coexistence of green random lasing-like behaviour in ZnO thin films. Therefore, it is
interesting and worthy to study this green emission phenomenon. The next section of
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this chapter elaborates the experimental details. After fundamental characterization of
the green emission via photoluminescence (PL) study, more attention is paid to the
detailed investigation on the origin of the green emission by cyclic annealing and low
temperature PL (section 7.3). Furthermore, extensive structural and morphology
studies are discussed (section 7.4) followed by an exploration of green random lasing
behavior (section 7.5). Furthermore, section 7.6 presents large-scale green emission
ZnO fabrication via a micro-size pattern.
7.2 Experimental
Highly textured (001) ZnO films (200-500 nm) were fabricated on quartz (110)
substrates by PLD at 600 °C at oxygen partial pressure of 1×10-5 Torr. Then the films
were annealed in Ar 95%-H2 5% ambient, ranging from room temperature to 500 oC.
Above 500 oC, reduction occurs and thinner film tends to be completely etched by H2.
For better understanding, several ZnO films were annealed in pure Ar (99.9999%) and
O2 (99.9999%). In addition, the H2 treatment was performed on hydrothermal
synthesized ZnO films. The morphology was investigated by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The surface
roughness of the films was measured by atomic force microscopy (AFM). Optical
properties were characterized by photoluminescence (PL) spectroscopy with
excitation source of 325 nm He-Cd laser. The random lasing behavior of samples was
excited by a 355 nm frequency tripled Nd:YAG pulsed laser (10 Hz, 6ns).
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7.3 Photoluminescence Study
7.3.1 Hydrogen Enhanced Green Emission in ZnO Film
Figure 7.1. The room temperature PL as-deposited and annealed ZnO film. Dash lines
Gaussian fitting of green band.
Figure 7.1 shows room-temperature PL spectra of as-deposited film and the films
annealed in Ar and Ar-H2 mixed gas with a film thickness of 300 nm. The spectrum of
as-deposited film mainly consists of a UV near-band-edge emission locating at 375
nm with negligible deep-level emission (DLE). To our surprise, an extremely strong
green deep-level emission band appeared after Ar-H2 treatment at 500 oC for 1 hour
(h). This band can be well fitted by one Gaussian peak symmetrically centered around
500-510 nm with its full width half maximum (FWHM) of ~90 nm. However,
insignificant green band enhancement was observed for the samples annealed in Ar
ambient at 500 oC. When Ar annealing was conducted at 1000 oC, green emission
centered around 526 nm with broad FWHM ~120 nm can be seen. The appearance of
186
this Ar annealing-induced green emission might be associated to V
O
[1, 3, 4, 8] or/and
Zn
i
[9]. Table 7.1 gives the detailed information of green emission band based on
Gaussian fitting. Images in table 7.1 taken under 365 nm UV lighting ambient give
intuitive manifestations. It can be noted that the images for samples undergoing Ar-H2
annealing are much brighter than that undergoing Ar treatment. The results suggest
that H2 treatment has influence the ZnO materials properties in one or another, and
therefore enhance the green emission. The samples undergoing H2 treatment exhibited
a high quantum yield of 32%.
Table 7.1. Detailed information of green emission band in room-temperature PL












Ar@ 1000 oC 526 120 1000
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Figure 7.2 shows the transmittance spectra for ZnO films annealed in Ar-H2 at
different temperatures. The steep absorption near the band edge of ZnO was observed
in all of the spectra. However, the transmittance of the film annealed in Ar-H2 at 500
oC, especially at around 400 ~ 500 nm, was remarkably deteriorated. The lower






, etc [11]. Besides, the presence of porous structures
[which is presented in section 7.4] after hydrogen treatment at 500 oC might also
contribute to low transmittance in the visible band due to the intense scattering
function of porous structures [12].
Figure 7.2. UV-vis transmittance spectra for as-deposited ZnO film and the film
undergoing Ar-H2 heat treatment.
7.3.2 Stability of Green Emission
Another important observation of these H2 annealed ZnO is that the strong green
emission is thermally and chemically stable. First, as shown in figure 7.3 (a), the
Ar-annealing induced green emission band is drastically suppressed after
subsequently annealed in O2 at 500 oC for 1 h. In contrast to the green band resulting
from Ar annealing, the green emission caused by H2 treatment remains unchanged
after subsequent annealing in O2 at up to 700 oC for 1 h, as shown in figure 7.3 (b).
The O2 annealing may compensate VO at lower temperature (<700 oC) and also cause
hydrogen evaporation [8, 13]. Thus, it indicates that the simple O deficiency-related
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) or H-incorporation might not be responsible for strong
green emission after H2 treatment. Additionally, when subsequent O2 annealing
temperature is increased up to 1000 oC for 1 h, the green band is drastically decreased
and the peak position shifts to 530 nm. This peak is similar to that resulting from Ar
treatment at 1000 oC. It is noted that directly annealing as-deposited ZnO films in O2
at 1000 oC for 1 h could also lead to a similar emission peak centered around 526 nm
with FWHM of ~ 125 nm, as shown in figure 7.4. Meng et al [7] proposed that
because the kinetic energy of the atoms becomes quite large when annealing in O2 at
higher temperature, it possibly results in a larger escaping rate of O atoms than the
absorption rate to make more V
O
in ZnO lattice. This high-temperature oxygen
treatment induced green band exhibits lower intensity than that induced by Ar, which
is reasonable as less V
O
in ZnO lattice existed in oxygen atmosphere.
Figure 7.3. (a) PL stability study of green emission band for Ar annealed ZnO films,
when subsequently annealed them in O2 atmosphere. (b) PL stability study of green
emission band for Ar-H2 annealed ZnO films, when subsequently annealed them in O2
atmosphere.
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Figure 7.4. The room temperature PL of as-deposited ZnO film, the film annealed in
O2 at 1000 oC for 1 h and the film annealed in Ar at 1000 oC for 1 h.
Secondly, after acetone emission for 24 h, the green emission band caused by the
Ar-H2 treatment is still quite stable and the sample still exhibits strong green light
under UV-lamp, as shown in figure 7.5.
Figure 7.5. The room temperature PL spectra of ZnO film annealed in Ar-H2 at 500
oC for 1 h and that undergoing acetone immersion for 24 h. The inset shows the
corresponding images taken under a 365 nm UV lamp.
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7.3.3 Annealing Temperature and Time Effect on Green Emission
Figure 7.6. (a) The room temperature PL spectra of ZnO film annealed in Ar-H2 for 1
h at different temperature. (b) Absolute intensity of green band as function of
annealing temperature.
Figure 7.7. (a) The room temperature PL spectra of ZnO film annealed in Ar-H2 at
500 oC for different annealing time. (b) Absolute intensity of green band as function
of annealing time.
To further investigate the origin of this defect band, the green emission as function
of Ar-H2 annealing temperature (figure 7.6) and annealing time (figure 7.7) was
studied. Temperature study tells that only when annealed at an elevated temperature of
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500 oC for 1 h, a remarkable strong green band can be observed. Lower temperature
only results in enhanced UV emission with insignificant change of DLE emission.
Time study shows that at a fixed temperature of 500 oC, the green band is gradually
increased with a long annealing time (from 15 min to 1 h). These results indicate that
"green defects" might occur at a relatively high temperature.
Besides, similar PL results were found for ZnO thin films with a film thickness in
the range of 200 to 500 nm, indicating that the strong green emission can be achieved
in thin films with a thickness as thin as 200 nm. Thinner film may be totally etched by
hydrogen treatment at 500 oC for 1 h.
7.3.4 Low-Temperature Photoluminescence Study
Figure 7.8. Temperature-dependent (6 K ~ 300K) photoluminescence of
hydrogenated ZnO film (500 oC); spectra are offset for clarity.
The photoluminescence of ZnO film after annealing in Ar/H2 at 500 oC was
measured in the temperature range of 6 K ~300 K, as shown in figure 7.8. Both the
band-edge emission peak and green emission peak grow more intense with decreasing
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temperature due to the freeze-out of phonons and quenching of nonradiative
recombination processes [14]. A shift to lower energy of the band-edge emission with
increasing temperature is caused by the thermal contraction of the lattice and
changing electron-phonon interactions [15].
Figure 7.9. (a) Low-temperature PL spectra measured at 10 K. (b) shows enlarged PL
spectra of the bound exciton region.
Concerning the origin of green emission in H2 annealed samples, the
low-temperature PL measurement at 10 K was carried out [figure 7.9]. Remarkable
green band is clearly observed at 10 K. In bound exciton region, the film shows only a
sharp free exciton emission at 3.377 eV [16] prior to H2 treatment. After H2 treatment
at 500 oC, an interesting peak is observed near 3.348 eV, which is quenched by
subsequent annealing in O2 at 1000 oC. The peak at 3.348 eV is attributed to the
acceptor-bound exciton as A03XA [17, 18]. However, its chemical origin has not yet
been identified and origin of green emission is open question. Studenikin and
Cocivera [19] assigned the green luminescence to a donor-acceptor transition from
oxygen vacancy to Zn vacancies. On the other hand, Kang et al. [20] ascribed the
appearance of the green luminescence to transitions involving deep levels within the
band gap associated with oxygen vacancies. Based on our results, simple O
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deficiency-related defects or H-incorporation themselves might not be responsible for
strong green emission after H2 treatment. The most likely explanation for green
luminescence in ZnO after H2 treatment involves multiple defects and/or defect
complexes. The in-depth mechanism needs further investigation.
7.4 Structural and Morphology Characterization of Hydrogenated ZnO Film
7.4.1 Structural and Morphology Study
Firstly, it is necessary to point out that there is no change in structure and no
secondary phase or metal-related peak was detected in XRD spectra after H2 treatment.
In addition, it is reasonable to exclude the possibility of Zn cluster formation because
our X-ray photoelectron spectroscopy measurement showed that Zn 2p peaks retain
their +2 state in films undergoing H2 treatment up to 500 oC. The corresponding XRD
spectra and XPS spectra was given in figure 6.3 and 6.4 in Chapter 6.
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Figure 7.10. SEM images of (a) as-deposited ZnO film and the films (b) when
annealed in pure Ar at 500 oC for 1 h; (c) when annealed in Ar at 1000 oC for 1 h; (d)
when annealed in O2 at 500 oC for 1 h; (e) when annealed in O2 at 1000 oC for 1 h; (f)
when annealed in Ar-H2 at 100 oC; (g) when annealed in Ar-H2 at 300 oC; (h) when
annealed in Ar-H2 at 500 oC for 15 min; (i) when annealed in Ar-H2 at 500 oC for 1 h;
(j) the film which was firstly annealed in Ar-H2 at 500 oC for 60 min and then in O2 at
700 oC for 1 h; (k) the film which was firstly annealed in Ar-H2 at 500 oC for 1 h and
then in O2 at 1000 oC for 1 h. The inset in (a) shows the TEM images of as-deposited
ZnO film.
Morphology change in response to heat treatment in different atmospheres was
then considered. The morphology of as-deposited ZnO film, as shown in figure 7.9(a),
exhibits a flat and smooth surface morphology. There is no obvious change in
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morphology when undergoing 500 oC annealing in Ar [figure 7.10 (b)] or O2 [figure
7.10 (d)], while 1000 oC treatment leads to slightly hexagonal grains and larger grain
size [figure 7.10 (c) and (e), respectively]. Hydrogen has etching effect on ZnO. If
conducting H2 treatment at below 300 oC [figure 7.10 (f) and (g)], which results in
very weak green emission, few etching traces could be seen. In contrast, porous
structures appear after H2 annealing at 500 oC for 15 min [figure 7.10 (h)] and
eventually became prominent with extended annealing time of 1 h [figure 7.10 (i)].
Subsequent O2 annealing at 700 oC leads to almost no morphology change [figure
7.10 (j)] and the film can still exhibit strong green emission. When subsequent O2
annealing temperature was increased up to 1000 oC, which results in drastically
decrease of green band, the porous structures are quenched due to grain
agglomeration [figure 7.10 (k)]. These results suggest that porous structure resulting
from hydrogen etching is an important factor for enhancement of green emission.
These results suggest that these porous structures, serving as optical cavities and
providing strong coherent multiple scattering, which can significantly enhance the
green emission intensity.
Additionally, the surface roughness/topography analysis by AFM also supports the
SEM results that hydrogenated ZnO film has rougher surface due to its porous
structures, as listed in table 7.2. Here, two parameters represented surface roughness
are shown. Ra is arithmetic average of surface height deviations and Rq is root mean
square average of height deviations. The scan conditions for all samples were exactly
same. For each sample, three or more regions were selected to be measured and the
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average values were calculated.
Table 7.2. The topography and surface roughness analysis of as-deposited ZnO film
and the films annealed in different atmospheres.
AFM images Ra /nm Rq /nm
As-deposited 3.29 5.2
Ar @ 1000 oC 5.7 6.8
Ar/H2 @ 500 oC 68 86.2
Besides, the importance of the porous structures to this strong green emission was
further verified by detecting PL spectra when intentionally destroy the porous
structures of the hydrogenated ZnO film. The hydrogenated ZnO film with strong
green emission was immersed into a HCl solution (PH = 5) for 5 seconds followed by
HCL solution (PH = 2.5) for 5 seconds. Figure 7.11 (a) reveals that the intensity of the
green emission band is significantly decreased after immersing into HCl, especially
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after dipped into HCl with lower PH = 2.5. As expected, the porous structures can be
partially destroyed by the relatively strong acid, as shown in figure 7.11 (b), (c) and
(d).
Figure 7.11. (a) Room temperature PL spectra of hydrogenated ZnO film and the
hydrogenated film which is subsequently immersed in HCl solution (PH = 2.5 and 5)
for 5 seconds; (b), (c) and (d) show the corresponding SEM image of the
hydrogenated film, the hydrogenated film immersed in HCl with PH = 5 and 2.5,
respectively.
7.4.2 Influence of Starting Materials on Green Emission
Despite the importance of H2 treatment in green emission, the starting materials
do play crucial role in green emission. It is found that films with small grain size of ~
100 nm [The inset in figure 7.10 (a)] are favored for green emission as well as
formation of porous structure. The small grains might be attributed to large lattice
mismatch between ZnO and quartz substrate. To confirm it, sapphire (001) substrate
was selected to deposit ZnO film because ZnO/sapphire film might be composed of
much larger grains due to the small lattice mismatch between ZnO and sapphire. As
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shown in figure 7.12, after H2 treatment, ZnO/sapphire film cannot form substantial
porous structures with ultra strong green emission. The inset SEM image also
confirms the large grain size (200 ~ 250 nm) in ZnO/sapphire film.
Figure 7.12. Room temperature PL spectra of as-deposited ZnO/sapphire film and the
hydrogenated ZnO/sapphire film. The inset shows the SEM image of hydrogenated
ZnO/sapphire film.
Next, identical H2 treatment of hydrothermal-derived ZnO films was studied. Due
to different fabrication conditions from PLD method, PL spectrum of as-prepared
sample exhibits a broad deep-level emission band centered around 620 nm with a
weak UV emission [figure 7.13 (a)]. This orange-red emission band was attributed to
the presence of O
i
[9, 13]. After annealed in Ar-H2, this emission band is reduced with
increasing temperature, in agreement with a previous study [17]. In sharp contrast
with PLD-prepared ZnO films, H2 treatment at 500 oC leads to a small green band
centered around 510 nm. The lower intensity of green band may be attributed to the
morphology shown in figure 7.13 (b) and (c). Although etching also occurs, the
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porous structures are not formed. It is likely due to large grain size (ca. 400 nm) of
ZnO prepared by hydrothermal method. These experiments further confirm the
importance of porous structures on enhancement of green emission in our case.
Figure 7.13. (a) Room-temperature PL spectra of hydrothermal route prepared ZnO
film and Ar-H2 annealed films. (b) SEM image of hydrothermal route as-prepared
ZnO film and the structural influence of Ar-H2 atmosphere at 500 oC for 1 h is showed
in (c).
7.5 Green Random Lasing in Hydrogenated ZnO Film
Figure 7.14. (a) Room-temperature lasing-like emission spectrum of PLD prepared
ZnO film after H2 surface treatment. (b) The corresponding Fourier transform
spectrum with the estimated cavity diameter of ~ 1.3 µm.
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To further examine the usefulness of porous structures towards the optical
application, the random lasing behavior of samples was excited by a 355 nm
frequency tripled Nd:YAG pulsed laser (10 Hz, 6ns). Figure 7.14 (a) show green
random lasing-like action with the narrow FWHM of ~4 nm in our strong green
emission ZnO films, which prepared by PLD deposition with the grain size ~ 100 nm
and then underwent H2 treatment at 500 oC for 1 h. To have further insight of random
lasing-like effect, Fourier transform (FT) of the lasing spectrum was used to
determine the change of cavities length (i.e., length of the closed-loop paths of light),
which is an important factor in retaining the optical gain of the porous ZnO film. The
figure 7.14 (b) shows the power FT of the ZnO porous film, suggesting the strong
green emission in ZnO is related to coherent random lasing-like action with its
estimated maximum circle cavity size of ~1.3 µm. It is further supported by the
absence of no random lasing-like phenomenon in our hydrothermal prepared film.
The current system does not able to tune its pumping power and temperature.
Owing to the above limitation, It has to be admitted that there is lack of strong
evidence on random lasing behavior in our porous ZnO film study. As a future work,
the extensive random lasing measurements, such as pumping power vs emission
spectra, coherent/incoherent study, temperature dependence random lasing effect and
lasing threshold investigation etc [21, 22] will performed.
201
7.6 Large-scale Green Emission ZnO Fabrication via Micro-size Pattern
Figure 7.15. A schematic diagram of masking pattern of green emission. Image of
remarkable green “NUS” logo was taken under excitation of 365nm UV light.
The thermal and chemical stability of the hydrogen treatment induced strong
green emission motivated us to move one step ahead to look into its large-area
practical application. The substrate with the size of (10 mm x 10 mm) was patterned
with ZnO “NUS” logo, as shown in schematic diagram in figure 7.15. A strong green
emission is observed under the excitation UV lighting ambient by the bare eye. The
feasibility of large scale green emission ZnO fabrication via micro-size pattern paves
a way to practical optoelectronics application. In addition, ZnO on semiconductor
substrates was deposited via pattern, such as Si. After H2-heat treatment at 500 ºC,
strong green emission was found without substrate damage. These results are
promising for the further development of non-toxic and environment-friendly devices.
7.7 Summary
Using two steps fabrication techniques [pulsed laser deposition (PLD) and H2
surface treatment], undoped ZnO thin film that could emit ultra strong green emission
with coexistence of random lasing-like phenomenon was fabricated. After PLD
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deposition, as-prepared undoped ZnO thin films (200 ~ 500 nm) were annealed in the
Ar 95%-H2 5% ambient at 500 oC for 1 h. The H2 treatment leads to formation of
porous structure that creates substantial optical cavities (diameter ~ 1.3 µm).
Surprisingly, these optical cavities have tremendously amplified the green emission
rather than ultraviolet (UV) emission. There is insignificant change in emission
intensity after high temperature annealing (700 oC) in O2 and acetone dipping,
indicating samples are thermally and chemically stable. The samples exhibit a high
quantum yield of 32%. Furthermore, the origin of this ultra strong green emission was
studied using the low temperature photoluminescence, extensive structure study and
cyclic annealing. It is found that the intrinsic native defects themselves cannot
produce the strong green emission with coexistence of random lasing-like activity. So
far, it can be concluded that the green emission is due to a complex defect(s) and the
random lasing-like effect attributes to the porous structure. In other words, H2
treatment can generate a unique structure with porous morphology and coexistence of
complex defects that favors the green emission. In addition, the stability and easily
achieved masking pattern of strong green emission demonstrates potential
applications of ZnO films as components in novel optoelectronic devices.
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CHAPTER 8: Conclusions and Future Work
8.1 Conclusions
This thesis mainly explored hydrothermal synthesis, ferromagnetic and
luminescent properties, and hydrogen effect of ZnO-based systems which have
recently drawn considerable attention for novel spintronics and optoelectronics
applications. First, a simple and environmentally friendly growth method -
hydrothermal route was demonstrated to be efficient to the synthesis of high-quality
ZnO nanostructures/films with excellent performance. Furthermore, high temperature
ferromagnetism was achieved in undoped, nonmagnetic transition metal elements (e.g.
Cu) doped and nontransition metal elements (e.g. Na) doped ZnO systems, which can
be potential host materials for spintronics devices. The mechanism behind may be
different for different systems and also for different growth techniques. Nevertheless,
the magnetic dopants segregation can be ruled out as the ferromagnetic origin due to
no intentional introduction of magnetic elements into ZnO in this study. Most
importantly, it was verified that the observed ferromagnetism in ZnO-based materials
is correlated with and can also be tuned by defects, including native defects (e. g. V
O
),
dopants and hydrogen. Additionally, hydrogen effect on ZnO ferromagnetism and
luminescence were investigated, based on which, a 2-dimensional ferromagnetism
model was firstly proposed and a large-scale green emission with high
thermal/chemical stability was achieved in ZnO thin film. The detailed results can be
summarized below:
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(1) Various ZnO particles and highly-textured ZnO films were synthesized via a
low-temperature hydrothermal route. First, extensive morphology studies of ZnO
nanostructures/films as a function of PH, reaction time, reaction temperature and
precursor solutions were carried out, which are consistent with previous reports [1-3],
enabling a better understanding of morphology control. Based on these systematical
investigations, highly-textured ZnO films were hydrothermally obtained in aqueous
solution at 90 oC using pulsed laser deposition (PLD)-derived ZnO seed layers on
different substrates (quartz, silicon, glass and sapphire). It overcame the limitation of
traditional two-step hydrothermal method [1] on substrate selection. It was found that
better c-oriented texture of the seed layers is favourable to the hydrothermal growth of
continuous films. The basic characterizations confirmed the formation of ZnO phase
with wurtzite structure and the (002) preferred orientation of ZnO films. ZnO film
synthesized via this hydrothermal method has a wide band gap energy of ~3.3 eV at
room temperature with n-type behaviour. These fundamental characterizations
demonstrated the ability of this growth method to grow high-quality ZnO. Besides,
this method was also demonstrated to be feasible for conducting doping process [Na
(I A-group), Mg (II A-group), Al (III A-group), and Cu (transition metal) in this study]
of ZnO.
(2) Room temperature ferromagnetism (RTFM) was successively found in
nontransition-metal element (Na) doped ZnO films synthesized via the hydrothermal
method. FM accompanied by a p-type conduction was observed in Na-doped ZnO
films with certain doping concentration. The maximum Ms is 2 emu cm-3 with Na =
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1%. The Curie temperature is above 400 K. Na substituting in Zn sites were
considered as acceptors while interstitial Na act as donors. The experimental results
suggested that p-type carriers might be necessary for the ferromagnetic ordering in
Na-doped ZnO films. Since the dopants Na in form of substitution and interstitial in
ZnO were all nonmagnetic, the magnetic moment of this system might arise from
intrinsic defects. The exact defect types which contribute to the magnetic moment is
still under investigation. Fabrication of p-type ZnO with ferromagnetism is promising
for potential novel spintronics and optoelectronics applications.
Besides, Mg- and Al- doped ZnO films were also investigated, but there is no FM
can be detected. Instead, it was found that Mg doping can modulate the band gap of
ZnO films, which might be practically used for fabrications of ZnO/ZnMgO
heterostructure light emitters as well as ultraviolet photo-detectors. Al-doped ZnO
film was found to possess high transmittance in the visible region, low resistivity and
tunable optical band gap, and it is thus an excellent candidate for transparent
conducting oxides. These results also demonstrated that the hydrothermal technique
employed in this study is an efficient method for synthesis of ZnO-based materials
with excellent performance.
(3) RTFM was observed in nonmagnetic transition-metal element (Cu) doped ZnO
films (2.7 emu cm-3 for Cu = 2%) synthesized via the hydrothermal route. The Curie
temperature is above 400 K as confirmed by FC-ZFC analysis. The magnetic
secondary phases or precipitates were ruled out as a possible FM origin as these films
are free of intentionally-introduced magnetic dopants. Hydrogen incorporated into the
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film was considered as the possible factor for the observed FM. First, annealing
studies showed that annealed in hydrogen environment leads to unchange of FM
together with significant suppression of defect emission levels in ZnO, confirming
that FM in Cu-doped ZnO is not mainly related with the presence defective oxygen
interstitial. In addition, cycling annealing under O2 and H2 (pure Ar) environment
alternatively conducted for ZnO:Cu and corresponding transport properties suggested
the hydrogen effect on FM of ZnO:Cu system. The XPS results confirmed the
presence of hydrogen, possibly incorporated in the lattice as hydroxyl groups.
Furthermore, Cu-doped ZnO film synthesized in aqueous solution with higher PH
value, which represents increased amount of hydrogen incorporation, lead to higher
saturation magnetization (Ms ~ 3.1 emu cm-3 for Cu = 2%). In view of all above
factors, it is concluded that the ferromagnetism of this ZnO:Cu system is mainly due
to the incorporation of hydrogen in ZnO lattice, which may either act as bridge bond
for Cu ions to enhance their spin-spin interaction or provide electron carriers to
mediate the room temperature ferromagnetism. The exact mechanism in this system is
still unclear, however, the interesting results related with hydrogen effect triggered the
research work to move on to investigation of hydrogen tailored ZnO properties.
(4) The role of hydrogen in magnetic properties of undoped ZnO and Cu-doped
ZnO films was clarified.
First, nonmagnetic undoped ZnO films were found to exhibit RTFM after
hydrogen annealing at elevated temperatures from 100 °C to 500 °C, accompanied by
(OH) bonds detection. The areal Ms (~1.1×10-5 emu cm-2) was insensitive to film
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thickness, suggesting surface magnetism. The attribution to OH bonds on surface was
further supported when the FM disappeared after a short immersion for 1 sec in acid
solution, while it was relatively stable in basic environment. It was demonstrated that
FM ordering could be switched between “on” and “off” states by introducing (via
hydrogenation) and removing (via subsequent annealing in Ar) OH attachment to ZnO
surface, respectively. First-principles calculations further confirmed that
OH-terminated ZnO surface, which belongs to the p31m two-dimensional space group,
has the lowest formation energy of -2.97 eV and a magnetic moment of 0.30 μB per
OH. Based on the calculation, origin of FM in hydrogenated ZnO was attributed to the
unpaired magnetic moment of electrons occupying the O 2p orbital at the surface. H
in the bulk was demonstrated to not contribute to ferromagnetic ordering and
insufficient surface OH concentration may result in antiferromagnetism and/or
paramagnetism. To my knowledge, this study is the first to experimentally and
theoretically propose a 2 D ferromagnetism associated with OH attachment, providing
a feasible approach to make nonmagnetic ZnO semiconductors ferromagnetic.
Second, hydrogen treatment was found to be an efficient way for increasing FM in
a Cu-doped ZnO system. The Ms of Cu-doped ZnO film (Cu = 2% and thickness = 50
nm) (prepared by PLD system under an oxygen-deficient atmosphere) was
significantly increased from ~1.7 emu cm-3 (0.3 μ
B
/Cu) to ~12 emu cm-3 (1.5 μ
B
/Cu)
after the hydrogen annealing at 500 oC. The Ms of as-deposited film is comparable to
the previous result of our research group [5], which proposed that the observed FM in
oxygen-deficient Cu-doped ZnO films is due to the alignment of localized magnetic
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moments of the V
O
-coupled Cu ions [d10 (Cu1+ -like) states] through mediation of the
V
O
orbitals. In this study, it was demonstrated that hydrogen treatment could further
introduce more Cu (Cu1+ -like) impurities and oxygen vacancies that coupled with
each other, resulting in strong ferromagnetic ordering. Besides, the 2 D
ferromagnetism corresponding to OH attachment was demonstrated to play a
subordinate role in the enhanced FM, because the areal Ms of hydrogenated Cu-doped
ZnO is not constant but decreased with increasing thickness. Therefore, this results
provide one feasible way to tune the magnetic properties of Cu-doped ZnO through
defect engineering.
(5) Using two-steps fabrication techniques [PLD and H2 surface treatment],
undoped ZnO thin film that could emit stable and ultra strong green emission (~ 510
nm) with coexistence of random lasing-like phenomenon was fabricated. The samples
exhibited a high quantum yield of 32%. The green emission was found to be
thermally and chemically stable. The H2 treatment leaded to formation of porous
structure that created substantial optical cavities, which tremendously amplified the
green emission rather than ultraviolet (UV) emission. Furthermore, it was found that
the intrinsic native defects themselves (i.e. Oxygen vacancies) or H incorporation
cannot produce the strong green emission with coexistence of random lasing-like
activity. So far, it can be concluded that H2 treatment can generate a unique structure
with porous morphology and coexistence of complex defect(s) that favors the green
emission. In addition, the stability and easily achieved masking pattern of strong
green emission demonstrates potential applications of ZnO films as components in
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novel optoelectronic devices.
8.2 Possible Improvements for Future Work
Based on the substantial experimental results and theoretical simulation obtained,
scientific discussion presented and conclusions drawn from this work, several
potential directions for future research are highlighted below:
(1) The multi-energy-hydrothermal techniques, such as microwave hydrothermal,
mechano-chemical hydrothermal, electrochemical hydrothermal and sonar
hydrothermal, have recently started to play an important role in material processing
due to their high efficiency. Lojkowski et al [6] prepared ZnO nanopowders doped
with Mn2+, Ni2+, Co2+ and Cr3+ ions using a hydrothermal reaction with microwave
heating and found that this preparation method allows relatively high doping levels of
transition metal elements without formation of clustering or precipitation. Therefore, a
combination of advanced techniques and hydrothermal technique could provide more
advantages and possibilities for synthesis of ZnO-based materials.
(2) This work revealed that the FM in ZnO-related materials depends on
preparation methods and different systems, and further verified that the RTFM is
correlated with and can also be tuned by defects, including native defects, dopants and
hydrogen. One desirable avenue of future work is to well identify the exact type of
defects and also fully understand how these defects cause FM. For instance, the origin
of the FM in p-type Na-doped ZnO in this project is worthy of further study, as p-type
ZnO with ferromagnetism is promising for potential novel spintronics applications.
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Advanced experiments with convincing theoretical support is needed for future
research. Typical advanced techniques, including extended x-ray absorption fine
structure (XAFS), x-ray magnetic circular dichroism (XMCD) and electron energy
loss spectroscopy (EELS), could be employed to determine the type of defects. After
comprehensive understanding of the defects behavior, efficient defect engineering
technique is able to explored, which could be expected to be widely used for
improvement of properties of DMS.
(3) Although detailed study presented in the thesis roled out magnetic phase as a
possible origin of the FM and offered reasonable explanations for nature of FM, a
comprehensive understanding of FM is still unclear. Future research should attempt to
conduct further investigation and establish a universal understanding of RTFM in
magnetic oxides in order to guide the fabrication of spintronics devices. Other oxide
semiconductors should also be included in future plan.
(4) In this thesis, Cu-doped ZnO films were reported to possess RTFM. Besides,
Cu atoms in ZnO are well-known as electron traps and experimental observations also
demonstrated that Cu-doped ZnO films could show a high resistivity with appropriate
doping concentration [7]. Therefore, a direct extension of this study is to work on
Cu-doped ZnO for multiferroic applications by realizing mutual ferroelectric and
ferromagnetic manipulation.
(5) Understanding the exact origin of green luminescence in ZnO is one of the
most important research focuses in future work. Other techniques should be combined
with photoluminescence to identify the nature of the defect emission, including
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electron paramagnetic resonance (EPR) spectroscopy, Positron annihilation
spectroscopy (PAS) and deep level transient spectroscopy (DLTS) [8].
(6) As the current random lasing system does not able to tune its pumping power
and temperature, there is lack of strong evidence on random lasing behavior in porous
ZnO film study. In future, the extensive random lasing measurements should be
performed, such as pumping power vs emission spectra, coherent/incoherent study,
temperature dependence random lasing effect, lasing threshold investigation, etc [9].
Fabrication of green light emitting diode (LED) and study its electrical pump lasing
behavior [10] are also desirable in future work. .
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